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Abstrak

Walaupun terdapat kemajuan ketara dalam Rangkaian Data Dinamakan (NDN),
pengendalian trafik Video atas Permintaan (VoD) yang cekap masih menjadi cabaran
akibat strategi caching yang tidak optimum. Hal ini menyebabkan peningkatan
kelewatan hujung ke hujung (E2EDelay) dan beban pelayan yang tinggi. Mekanisme
sedia ada sering gagal mengurus permintaan video dalam talian serentak, terutamanya
dalam persekitaran rangkaian yang dinamik. Kajian ini menangani ketidakefisienan
tersebut dengan mencadangkan satu mekanisme penempatan caching terkoordinasi
baharu yang direka khas untuk perkhidmatan VoD dalam persekitaran NDN. Objektif
pertama kajian ini adalah menilai ciri fungsian tujuh mekanisme penempatan caching
sedia ada melalui simulasi, bagi mengenal pasti keperluan fungsi penting untuk
penghantaran kandungan VoD yang optimum. Berdasarkan dapatan ini, mekanisme
baharu iaitu Coordination Caching Placement by Video Partitioning (CPVP),
diperkenalkan. CPVP bertujuan meningkatkan kecekapan caching, mengurangkan
kependaman, dan menambah baik pengalaman pengguna. CPVP menggunakan
teori hipergraph untuk memodelkan tingkah laku caching koperatif dalam rangkaian.
Ia membahagikan kandungan video secara dinamik dan menyimpan segmen video
di sepanjang laluan ke klien melalui tiga penghala yang berdekatan. Mekanisme
ini merangkumi tiga skema utama: Video Aggregation Scheme (VAS) untuk
mengenal pasti video penuh dan menentukan penghala yang boleh digunakan untuk
caching; Video Cache Decision Scheme (VCDS) yang mengurangkan redundansi
dan kependaman; serta Video Partitioning Scheme (VPS) yang membahagikan video
kepada tiga blok untuk disimpan secara teragih. Simulasi dijalankan menggunakan
ndnSIM 2.0 ke atas empat topologi rangkaian, menilai empat metrik prestasi utama.
Hasil kajian menunjukkan bahawa CPVP mengatasi mekanisme sedia ada seperti
Leave Copy Everywhere (LCE), Leave Copy Down (LCD), dan caching secara
kebarangkalian (Prob). Secara khususnya, CPVP mencatatkan pengurangan 22.3%
dalam E2EDelay purata dan peningkatan 56.5% dalam nisbah hit cache pada topologi
GEANT. Kajian ini menyumbang kepada pembangunan strategi caching yang lebih
cekap dalam NDN dan menawarkan peningkatan ketara dalam kualiti penstriman VoD
dan prestasi rangkaian.

Kata Kunci: Skim Pengagregatan Video (VAS), Skim Keputusan Cache
Video (VCDS), Skim Pembahagian Video (VPS), Hipergraf, Penempatan Cache
Penyelarasan oleh Pemisahan Video (CPVP).
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Abstract

Despite significant advancements in Named Data Networking (NDN), the efficient
handling of Video on Demand (VoD) traffic remains a challenge due to suboptimal
caching strategies, resulting in increased End-to-End Delay (E2EDelay) and elevated
server load. Existing mechanisms often fail to manage simultaneous online video
requests effectively, particularly under dynamic network conditions. This study
addresses these inefficiencies by proposing a novel coordinated caching placement
mechanism tailored for VoD services in NDN environments. The first objective of
the research is to evaluate the functional characteristics of seven existing caching
placement mechanisms through simulation, identifying the features essential for
optimal VoD content delivery. Building on these insights, a new mechanism,
Coordination Caching Placement by Video Partitioning (CPVP), is introduced. CPVP
aims to enhance caching efficiency, reduce latency, and improve user experience.
CPVP utilises hypergraph theory to model cooperative caching behaviour across the
network. It dynamically partitions video content and strategically stores segments
along the path to clients using three neighbouring routers. The mechanism incorporates
three integrated schemes: the Video Aggregation Scheme (VAS), which identifies
the full video and determines cacheable routers; the Video Cache Decision Scheme
(VCDS), which minimises redundancy and latency; and the Video Partitioning Scheme
(VPS), which divides the video into three blocks for distributed caching. Simulations
are conducted using ndnSIM 2.0 across four network topologies, evaluating four
key performance metrics. Results demonstrate that CPVP outperforms existing
mechanisms such as Leave Copy Everywhere (LCE), Leave Copy Down (LCD),
and probabilistic caching (Prob). Specifically, CPVP achieves a 22.3% reduction
in average E2EDelay and a 56.5% improvement in cache hit ratio on the GEANT
topology. This research contributes to the development of efficient caching strategies
in NDN and offers practical improvements in VoD streaming quality and network
performance.

Keywords: Video Aggregation Scheme (VAS), Video Cache Decision Scheme
(VCDS), Video Partitioning Scheme (VPS), Hypergraph, Coordination Caching
Placement by Video Partitioning (CPVP).
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CHAPTER ONE
INTRODUCTION

Over the past decades, the Internet has become one of the most popular tools
that are utilised in our everyday lives. With its development being based on
Transmission Control Protocol/Internet Protocol (TCP/IP), the Internet has flourished
dramatically. This progress is actualised not just because the Internet has many
applications, but also because of the different media types that have access to
it. However, with this expansive growth and diversification, the network exposes
several significant challenges, such as delay, data redundancy, and unexpected
interruption. Hence, the focus is on developing and growing future network research
[1, 2]. Furthermore, coordinated caching within Named Data Networking (NDN)
for Video-on-Demand (VoD) is crucial for enhancing performance, scalability, and
user experience. Coordinated caching is a strategic and cooperative approach where
caches at different network nodes work together, rather than operating independently,

to manage what content is stored, replicated, or evicted.

The initial target of the Internet was to share data between two point-to-point endpoints
and offer channels of communication between them. This concept follows the
traditional telecommunication network idea. In this process, the function of the
identifier and locator of the data holders is handled by the IP address, which is the
most essential element for the transmission of packets. For consumers to access data,
they need to be initially informed about the location of the data and also be provided
with the IP address of the holder. However, many consumers are only concerned about

what they can subscribe to and less about where they can obtain the content [3, 4]].

To enhance serving the consumer, the development of future networks is needed, such

as NDN, which is a new architecture developed by the Palo Alto Research Center



(PARC) [5,16,7]. NDN advocates an information-centric communication model rather
than a host-centric one on the Internet. In-network caching, as an essential component
of the information-centric communication model, enables routers to cache content
replicas and respond to subsequent content requests with matched content. Not only
does NDN reduce content distribution costs and optimise network performance, but
it also significantly improves the end-user service experience [6, |8, 9]. However,
caching in NDN is more dynamic, open, and flexible. These features are due to
their application-agnostic nature, ubiquitousness, and network awareness. Certain
advantages of NDN include the data copy being closest to the consumers, reducing
traffic on the original server, caching content everywhere, and enabling sharing from

any network node.

Although the NDN is still in its early foundation stage, details, including the cache
issue, should be considered. There is still more work that needs to be done. As a result
of all network nodes being able to cache the content, caching tends to become more
complicated due to deciding if the content will be cached and in which nodes, or if
the node will cache the whole content, or if multiple nodes will cooperate to cache the
content. Hence, the need to introduce approaches for improving caching placement

performance in NDN arises.

While NDN addresses broad networking challenges, specific applications, such as VoD
services, bring their considerations instead of broadcast television. However, a VoD
service grants the user more authority and responsibility by allowing them to select
from a wide range of shows, necessitating active decision-making. One issue that
can arise is that VoD customers who have trouble making choices while browsing
for content to view may end up sticking with their go-to selections and eventually
unsubscribing [[10} [11]. In a VoD service, this problem could be more critical since

there is a need to see the video directly without any delay in delivery time, bearing in
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mind that the video requires a large cache size. Thus, improving the caching placement
mechanism is an increasing challenge, raising the question: Is caching the video by
cooperating between multiple nodes best due to the limited cache size and large video

size?

Addressing the aforementioned challenges is critical, particularly in the context of
NDN caching for VoD services. This thesis proposes a new caching placement
mechanism to reduce the average End-to-End Delay (E2EDelay) performance in NDN
during VoD streaming. The reduction in delay is critical for consumers to get quality
service by receiving video directly over the Internet. As a result, this chapter presents a
research overview that covers the online VoD architecture, a brief introduction to NDN
and its placement mechanisms, and the study of historical context. This chapter also
outlines the research problem, objectives, and questions. The scope and significance
of the research are then illustrated briefly. Finally, this chapter ends with the outline of

the thesis.

1.1 Background of the Study

Internet video services mean using a video on Internet architectures that are already
popular, like the Hypertext Transfer Protocol (HTTP) and TCP architectures [12, [13].
These architectures are generally available on Netflix, Vudu, and YouTube due to their
ease of streaming video to Content Distribution Networks (CDN) [9, [10, [14]. The
VoD platforms employed Over-The-Top (OTT) streaming. OTT streaming refers to the
arrival of content over the Internet instead of via satellite subscription or classic cable
television [[15]. Psaras et al. [[16] pointed out that flooding video over the Internet via
HTTP offers numerous benefits, including uniformity across the CDN in mobile video
streaming services. CDN is also accessible all over the world. Finally, because of

the service’s commercialisation and competitive pricing, CDN remains cost-effective.



These benefits have caused enormous growth in transmitting high-quality movies and

streaming TeleVision (TV) at affordable prices, which benefits the viewer [[17, [18]].

In addition, Internet video is generally characterised by traffic problems, unlike
conventional video, which requires it to remain fully present locally before playback.
Specific research indicates that online videos are encoded at varying speeds, spanning
from standard definition to high definition. The standard definition of video over the
Internet is 235 Kb/second, while the high definition is 5 Mb/second [19,120]. The video
store has to hold many files on the device, which creates extra work for the cache. The
high storage requirements of Internet video transmission also lead to error recording
[21, 22]]. The research on Internet traffic showed that most of the activities carried out

on the Internet involve viewing, downloading, and uploading videos.

Furthermore, the number of online videos has increased in recent years. In 2023,
Statista estimates that over three billion people will view, download, or stream video
at least once a month. Meanwhile, 92% of all Internet users globally viewed online
video in 2024 [23]]. Figure [[.T|represents the ratio of each type of video. Thus, there
is an increasing load on content providers, which implies watching or downloading
movies from private users over the Internet to advertise, learn, or engage in government

activities [6, [7]].



Figure 1.1. The Statistic of Most Popular Video Type

Even though just 23.2% of all videos are gaming-related [23]], global revenue in the
video market’s "Games" section is expected to increase between 2024 and 2029 [24]],
reaching 211.4 billion dollars, or a 46.43% increase. The indicator is expected to set a
new high in 2029, reaching 666.69 billion U.S. dollars after growing for seven years.
Figure [I.2]illustrates this data. Thus, there is an increasing load on content providers,
which implies watching or downloading movies from private users over the Internet to

advertise, learn, or engage in government activities [6, [7]].

Figure 1.2. The Statistic of Video Game Market Revenue Worldwide



To ensure efficient content delivery, especially with the rising demand for online
videos, the NDN must evolve to enhance caching by placing the content in the right
node [9, [13}112]. This is critical because the increasing accessibility of online videos
induces viewers to insist on their desired video content. Such a surge in demand leads
to workload overload. Consequently, caches must provide content at a very precise
time, which can lead to delays in receiving data packets. Therefore, the primary issue
lies in how caching can reduce the high delivery time of VoD traffic, which is a result

of various user requests for online videos.

1.2 Video on Demand in NDN

In the past decade, researchers have targeted the NDN architecture for the future
Internet [25, (16} 26]]. Therefore, Cheriton and Gritter’s research [27]] validated the
initial proposal for this concept. Current Internet services extensively explore and
employ the CDN as a substitute method [22]]. However, due to the lack of coordination
among multiple CDN service providers [20], the CDN architecture has limitations on

where to place its contents and services to support consumers.

This section covers the overall NDN and CDN architecture. Figure [I.3] illustrates
the most common video-streaming architectural facilities. A typical video service
supports several platforms, including gaming consoles, TVs, and browser plug-ins.
Authentication and streaming are the two stages of a video session. When a client
requests a video, the service’s authenticity consumes a CDN proportionate to the video.
The video streaming provider notifies the client of the video streaming proportions
offered and issues a Token for each proportion. The customer then selects a particular
video proportion and demands video at that proportion by providing a token as a

validation certificate to the specified CDN [28], [29].



Figure 1.3. The Architecture of Video Streaming Services over HTTP [28]130]

However, the NDN represents the Internet’s future, expanding upon the concept of
the CDN. The NDN anticipates a hierarchical design for names. For example, the
University of California, Los Angeles (UCLA) [30] could establish a video with a
name similar to /ucla/videos/demo.mpg, with the ’/’ character determining the name
elements. NDN construction contains two main association units: a Data packet and an
Interest packet. These association units carry hierarchically designed names [30, 28]
The system transmits an Interest packet when a user requests Data. A Data packet can
be used to complete an Interest packet; as a result, the name conveying Interest is the
same as the video’s title. Additionally, when many Data packets potentially fulfill the

Interest, an Interest packet might send a particular field to establish priorities [5, 25].



Figure 1.4. NDN Architecture 31} 32]]

In addition, Figure [I.4]illustrates the flow of the NDN architecture’s operations. The
user transmits Interest on /aueb.gr/ai/new.htm as arrows 1-3 show. When a packet
becomes interesting, the CR learns the name of the Interest packet and searches for it
in the Content Store (CS). If an Interest packet is delivered back over the input interface
to a Data packet and matches the prefix in CS, the Interest packet is cancelled [31}132].
The router transmits a longer routing prefix to its Forwarding Information Base (FIB)
if the prefix does not match the interested packet to ascertain its destination number.
When a record is established in the FIB, the router registers the arrival interface of the
Interest packet in the Pending Interest Table (PIT). The FIB specifies that this packet
goes to the CR. On the other hand, if the prefix is matched at a producer node or a
CS, then the Interest packet is cancelled, and the Data is received in a packet of Data

[33.,132].

Additionally, the CR does a more extensive prefix matching with its PIT to discover an
input relevant to the Data packet after recording the associated prefix of the retrieved
data message in its content store. When this PIT record lists several interfaces, a

PIT duplicates the Data packet and achieves multicast distribution. Finally, as shown
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in arrows 4-6, the content router transmits the data packet to these interfaces while
deleting the record from the PIT. The router eliminates the Data packet as a copy if the
matching is not recorded in the PIT [32,34]]. At the same time, the NDN’s broadcasts
concentrate on the receiver. When a user submits an Interest packet, a Data packet can

be acquired.

Moreover, the routers log the transmission of an Interest packet in the PIT [31} 33]],
identify the channel from which the packet originates, and employ a forwarding
scheme to decide where to forward the interest. The cache placement mechanisms
determine whether to cache the data and which routers to store it on. Thus, one can
return data packets by retracing the reverse path to their original request location. One
or more routers use a cache placement mechanism to cache whole data packets during
the reverse route. This procedure creates a summary multicast tree for each requested
data item using the exact data provided by all consumers. Furthermore, this requested

content may consist of multiple data packets, particularly if it is a video [31 35, [36]].

While NDN guarantees superior performance for consumers by storing video data in
closer proximity than CDN, it necessitates a significant increase in operations between
requesting the desired packet and receiving it. Due to the large size of videos and
the limited cache size of each router, these numerous operations cause server load
and average E2EDelay, especially when the requests are video-based. Thus, an
important question arises. How can a large video cache fit into a limited CS? What
measures can we implement to improve the cache placement mechanism? Researchers
[37, 138l 139] emphasised the importance of data placement coordination for optimal
system performance. Chen et al. [40] demonstrate that cooperative caching can more

efficiently utilise limited storage and satisfy different user needs for video.

However, a streaming application experiences a reduction in quality preferences when
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it receives data from a longer path with poor video source performance. Regardless,
if a consumer requests low-bitrate video, they can receive high-quality content by
coordinating the retrieval from nearby caches. Therefore, to shorten this long path
and reduce the overall network footprint, there is a need for a new cooperative
cache mechanism. The reduction in the network’s footprint metrics is an important
aspect of network management, as it helps with resource optimisation, performance
enhancement, and operational cost reduction by minimising the impact of data traffic.
This metric involves a combination of techniques aimed at making data transmission
more efficient and sustainable. Furthermore, unstable network conditions, such as
intermittent cache hits and misses, contribute to instability dynamics [41), 42l 43].
Therefore, the partitioning mechanism is necessary to effectively increment the cache
hit rate [44) 45]. This increases the motivation to design a new coordinated cache

partitioning algorithm for effective performance.

1.3 Research Motivation

NDN aims to offer solutions to certain challenges and problems on the Internet
nowadays, such as content delivery, workload, latency, and security. This network’s
nodes store data for future requests. However, numerous NDN research challenges
remain unresolved, including caching and naming challenges in routing [6, 46l]. The

challenges of caching in NDN remain a key area of future research.

Note that NDN is not an infallible means of addressing Internet problems; many
technical and research problems still need efficient answers. For this reason, the
large difference between scarce routers’ resources and the enormous space of content
names is still one of the major challenges for NDN deployment on a large practical
scale. Content addressing, naming, and universal caching are additional challenges

that NDN introduces to routing. Among these, universal caching, also known as in-
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network caching, has garnered significant research interest in recent years. This is due
to the longstanding recognition of caching as an effective solution to the scalability
issue in large-scale systems. Another reason why universal caching has gained
so much attention is because it directly influences content distribution efficiency,
which simultaneously impacts the end user’s experience in many Internet applications.
Therefore, in NDN architecture, caching is considered an indispensable component
[47,148]]. In addition, the challenge of ensuring that the publish/subscribe paradigm
is both scalable and efficient for video transmission in normal and disaster scenarios

(49,150, 51].

A few years ago, the rise of social media networks (like Facebook, Instagram, and
Twitter), entertainment applications, and multimedia content providers (like Netflix,
YouTube, VoD, etc.) led to a large demand for video traffic on wireless mobile
networks [52]. With this high demand, there is an expectation that there will be
an increase in traffic. However, the increasing use of multi-device devices and
connections is significantly impacting traffic patterns, particularly on video devices.
The device’s video effects on traffic are more pronounced because of the introduction
of Ultra-High Definition (UHD), or 4K, video streaming. With this high demand,
there is an expectation that there will be an increase in traffic. However, the
increasing use of multi-device devices and connections is significantly impacting
traffic patterns, particularly on video devices. The device’s video effects on traffic
are more pronounced because of the introduction of UHD, or 4K, video streaming.
This technology has such an effect because the bit rate for 4K video at about 15 to 18
Mbps is more than double the HD video bit rate and nine times more than the Standard-
Definition (SD) video bit rate. By 2023, two-thirds of the installed flat-panel TV sets
will be UHD, up from 33% in 2018 to 66% [33]. These statistics form the basis for a

large motivation to investigate how to operate efficiently in the presence of such traffic.
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By 2024, all types of multimedia traffic, including TV and VoD, would account for
over 92% of all consumer traffic worldwide [23]]. The volume of Internet traffic
rises by a factor of 1.7 per year [54]. For instance, according to a report, the
percentage of delayed videos and video quality are rising simultaneously. The statistics
display 45.7% of 720-pixel (p) videos stalling and 10.5% of 240-pixel videos likewise

experiencing a stall [55}156]].

The most challenging issue in ensuring a seamless online video viewing experience is
the large size of video files and the need to address stalling within a few milliseconds.
Therefore, the question is how to satisfy these requests for video with video content
delivered on time and with high encoding quality. This will increase the users’
satisfaction and increase the expected revenue. Complex network decisions are
challenging and require careful consideration to provide each user with the appropriate
data rate based on their unique channel circumstances. Transmitting high-quality
video files increases network demand, leading to occasional maintenance expenditures
[57,158]]. This provides a further motive, since, for obvious economic reasons, it is
critical to predict how most Internet VoD systems will function in the future [S9, 60].
This is because a delay in receiving video can reduce video quality and potentially
cause a loss of data packets [61, 62]. Thus, all these factors result in significant

financial losses, particularly when VoD systems initiate requests.

The primary method for addressing prolonged memory access latency in computing
systems [28) [13]. Additionally, having multiple degrees of customisation for the
resource’s components may result in extra design costs and performance requirements
[63]. Earlier research indicated the necessity for efficient, scalable cache coherence
protocols that may function in NDN caches to execute multiple copies of a cache at

various levels of the cache hierarchy [35, 164, 63].
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The challenge of ensuring high-quality video and data, reduced delay, increased
speed, and improved network utilisation is significant. However, cache performance
suffers as video consumers dynamically choose content encoded at different bitrates.
Researchers have found that partitioning the NDN cache can be useful along a
forwarding path into separate sections to solve a bitrate oscillation [42, 41]. In
addition, it is crucial to safeguard various aspects of the cache’s capacity, such as
improving the footprint, optimising cache placement, and reducing bitrate oscillation.
Coordinating and allocating cache space to specific routers within a suitable range
of hops from consumers presents additional challenges. These include stabilising
bandwidth fluctuations, reducing bitrate oscillation, and subsequently reducing the

average E2EDelay.

Despite numerous studies and improvements to optimise the Internet for video
transmission applications, the majority of research relied solely on network
performance measures. Regardless of the NDN advantages, it creates various
challenges, such as designing a new data caching mechanism [65}66]. Another driving
force behind this study is the lack of research on NDN and VoD’s role in user-perceived

quality video performance delays.

Therefore, this thesis examines the effectiveness of various cache placement
mechanisms in optimising their performance. Subsequently, it formulates, evaluates,

and projects a novel coordinated caching placement mechanism for VoD applications.

1.4 Problem Statement

VoD services have become a major driver of Internet traffic, requiring efficient
caching mechanisms to meet the growing demand [67, 68]. NDN, with its in-network
caching capabilities, provides a promising framework for addressing these [[17,169,70].

However, the inherent complexity of VoD workloads, including high data volumes
13



and simultaneous requests, exacerbates inefficiencies in traditional caching approaches
[71]]. NDN facilitates more effective sender-receiver communication during online
video requests. Furthermore, caching online video requests in NDN has proven to be
more efficient than in traditional Internet architectures, offering a significant advantage
(72, 133} [73] [74]. Content redundancy and inefficient routing paths make this stress
even worse, leading to long the average E2EDelays, heavier server loads, and even
sudden network interruptions (75, (76, [77} [78}, [79,180]. This study attempts to improve
the overall caching mechanism for VoD services in NDN, while VoD is one of the

application services, emphasising the importance and timeliness of the research.

Existing caching mechanisms, caching placement mechanisms can be classified
according to the coordination concept, such as non-coordinated, implicitly
coordinated, and explicitly coordinated. Non-coordinated mechanisms, such as Leave
Copy Everywhere (LCE), have high redundancy and inefficient use of network
resources. This increases because each router independently operates the canonical
caching mechanism [81, 32]]. However, implicit cache coordinated schemes like
Leave Copy Downstair (LCD) and Probabilistic (Prob) allow nodes to exchange
information before determining storage locations [82, 16} [83]]. LCD fails to optimise
caching placement dynamically across the network, while Prob helps process greater
cache volumes. Prob effectively reduces network traffic redundancy and minimises
delay time compared to current placement mechanisms [84]. However, Prob still
needs to investigate the best location for the cache due to the large size of VoD
[85]. Explicit cache-coordinated schemes, such as partitioning videos with a limited
cache size on multiple routers, can improve memory utilisation by inserting required
information into requested content [86, 38]]. These shortcomings highlight the need
for explicit coordinated caching mechanisms capable of improving resource utilisation

and reducing latency.
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Previous studies have investigated coordinated caching strategies in NDN for VoD
services, including content popularity-based approaches and fair cache distribution
mechanisms. For example, research by Li and Wang (2012) proposed a caching
scheme leveraging content popularity to reduce inter-ISP traffic [87], while Jiang
et al. (2017) explored equitable cache allocation among users [88]. These studies
demonstrate the potential of coordinated caching to enhance network performance.
However, existing approaches often overlook the benefits of integrating dynamic video
partitioning, strategic caching placement, and aggregation mechanisms into a unified
framework. Additionally, limitations in handling VoD-specific challenges, such as

redundancy reduction and latency minimisation, remain inadequately addressed.

To address these challenges, a coordinated approach to caching is essential by
using hypergraphs, which can effectively model cooperative behaviour. However,
each hyperedge in a hypergraph can represent a group of nodes that collaborate to
cache a particular piece of content, such as VoD. Hypergraph takes into account the
connections between nodes and establishes a relationship between the edge nodes and
the midpoint nodes [89]]. This new coordinated approach dynamically partitions video

content, strategically placing caches, and aggregates content from multiple nodes.

On the other hand, higher latency makes users less satisfied with QoE and QoS
(90,191,192, 193] because QoS-aware multimedia apps like VoD need to be sent with less
delay [94,195,196]. This less delay avoids dropped data and keeps the video’s bitrate as
required as possible, which goes over the network’s bandwidth limit and prevents the
stop playback [97]]. QoE refers to a user’s overall experience when using a service or
product, while QoS measures the performance of a service or network. Therefore, there
are significant challenges to enhancing caching placement mechanisms to gain efficient
network performance. However, the potential of cooperative caching is significant.

By caching the video at the nearest nodes to the consumer, it is possible to achieve
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this improvement by lowering data retrieval latency and reducing hop distance. In
addition, partitioning the video between the cooperating nodes can minimise server
load, increase the cache hit ratio, and decrease the aggregate network traffic load. This
potential of the proposed mechanism to significantly improve network performance
should inspire hope for the future of NDN and VoD services [98} 92, 99]]. Therefore,
because the source of coordinated caching in NDN is closer to the server path,
caching the content using a proper placement mechanism does not require additional
forwarding to the content source. VoD has revolutionised education by empowering

students to participate actively in their education.

This study focuses on the development of a coordinated caching placement mechanism
designed to improve VoD performance in NDN. By addressing the identified gaps,
this research aims to optimise caching efficiency, reduce latency, and enhance user

experience in high-demand VoD scenarios.

1.5 Research Questions

This study examines the functional requirements, which are the specific skills and
features a system needs to meet users’ needs. These requirements will then be
used to develop a new coordinated mechanism based on a set of rules and steps for
reaching a clear goal of caching the desired video content in NDN in high-demand
VoD environments. This will improve the user experience and make the network more
efficient. Whereas user experience refers to how smoothly and satisfyingly a viewer

can access and watch video content through an NDN-based network architecture.

1. What are the functional requirements to improve the NDN coordinated caching
placement performance regarding the average E2EDelay in high-demand VoD

environments?

16



2. How can functional requirements be employed to propose a coordinated
mechanism to cache the interested video content in NDN in high-demand VoD

environments, thereby improving the user experience and network efficiency?

a) How can fetching the interested video content increase the total network
footprint reduction?

b) What is the caching decision that can help reduce the average E2EDelay?

¢) How can partitioning video help increase the average hit ratio and the server

load reduction?

3. What is the effect of the proposed mechanism in terms of the total reduction in
network footprint, the average E2EDelay, the average hit ratio, and server load

reduction?

1.6 Research Objectives

This research aims to create a new cooperative NDN caching placement mechanism
for VoD. The new mechanism is intended to be applied to VoD to minimize the average

E2EDelay. The following research goals will be the result of this research:

1. To empirically evaluate existing NDN caching placement mechanisms (LCD,
Prob, LCE, Cross, Pprob, Rand, and Centrality) to identify specific functional
requirements, such as redundancy reduction and performance optimisation, for
coordinated caching mechanisms tailored to VoD workloads.

2. To design a novel caching mechanism called the Coordination Caching
Placement by Video Partitioning (CPVP) to address inefficiencies in caching and
improve network performance metrics such as the average E2EDelay, cache hit
ratio, and server load. The CPVP integrates coordinated strategies, including
video aggregation, caching decisions, and dynamic partitioning, tailored for

VoD workloads in NDN. The CPVP mechanism incorporates findings from the
17



empirical analysis of existing mechanisms, addressing identified gaps such as
limited coordination and inefficient caching placement in high-demand VoD
scenarios.

3. To implement and evaluate the performance of the proposed NDN explicit
coordinated caching placement mechanism (CPVP) and compare it with non-
cooperated placement (LCE), and implicit coordinated placement (LCD, and

Prob) in a simulated network environment for VoD.

1.7 Research Scope

This study focuses on the design and implementation of a new caching placement
mechanism to enhance the performance of the Named Data Network during VoD
workloads. The research scope is shown in Figure [I.5] As shown in the figure, this
study gives a general overview of NDN in ICN. The conventional architecture of NDN
stores online video consumers’ requests through Internet VoD services. Although
recurrent requests by the users often delay the performance of the videos during VoD

workloads [[17, 100].

Figure 1.5. The Scope of Study

The primary focus of the work is on caching placement mechanisms; caching
18



replacement mechanisms are not included. Chapter 2 will thoroughly explain and
analyse the nine cache placement mechanisms with VoD. These mechanisms are
LCD, Prob, LCE, hybrid caching (Cross), Path Probabilistic cache (Pprob), Random
choice caching (Rand), Centrality, Cache Placement Based on Compound Popularity
Mechanism (CBCP), and Cache Placement Mechanism Based on Entropy Weighting
Method and TOPSIS (CBEWT). This further enhances the NDN caching placement
mechanism to reduce the delay time. First, this study will evaluate the available cache
placement mechanisms regarding delay performance during the VoD workload. Then,
go further in designing and implementing a new caching placement mechanism in

NDN during VoD and evaluate it.

1.8 Significance of the Research

This study is significant in its aim to significantly improve the NDN architecture by
thoroughly reviewing current placement mechanisms, especially focusing on how they
work within VoD services. The new Coordinated CPVP was designed specifically for
VoD services in NDN, and its potential impact on Internet architecture and Internet
of Things (IoT) networks cannot be overstated. The proposed coordinated placement
mechanism will enhance resource delivery by reducing delay performance, leading to
more trust in future VoD services. This study will be a crucial aid in actualising the
provision of Internet architecture and improving the VoD for the Internet of Everything
(IoE) and the IoT. On the other hand, IoE and IoT involve connecting physical devices
and applications. However, IoE takes this further by utilising these connected devices
as part of a larger, more intelligent system, such as cameras as physical devices and
VoD as the application. The researchers Naeem et al. [101]foresee NDN as a promising

design to safeguard IoT networks, given its rapid expansion and potential.

The CPVP enhances VoD services, making them more beneficial in various fields
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such as the arts, government, and sociology. VoD preserves cultural performances,
facilitates public information sharing, and allows for the documentation and analysis
of social behaviours. Schools can save on bandwidth expenditures by acquiring
telecommunication tools and computer systems. VoD has academic, social, and moral
implications, including curriculum development, search engine designs, and school
policies on information retrieval. Teachers using the Internet as an educational tool
also benefit from VoD. Classroom films foster interaction with the material, benefiting
cognitive growth. In real-time, VoD allows students to take an active role in their

education, making the learning process more engaging and active.

In the rapidly evolving domain of large-scale content-centric networks, VoD services
grapple with significant challenges. These pertain to VoD performance delays,
burgeoning video traffic, and content distribution constraints. A key issue, for instance,
is the burgeoning demand for storage due to the ever-increasing user appetite for online
films. This research seeks to address these challenges head-on. The CPVP mechanism
optimises storage utilisation, reduces VoD access delays, and enhances overall service
quality. Such improvements are anticipated to benefit users and providers of online
videos as the proposed mechanism becomes a standard in NDN, which is expected to

spearhead advancements benefiting the entire NDN research community.

Therefore, this study will emphasise solving the challenges facing online video traffic
that affect users and online video host providers. The issue must be resolved since
the response time to requests for VoD traffic is shortened because CPVP caches
the video at the coordinated edge routers. The CPVP mechanism helps minimise
average E2EDelay and increases the total network footprint reduction, the average hit
ratio, and the server load reduction. Importantly, CPVP will create direct income for
Internet providers and generate indirect revenue for online video hosts. This potential

for revenue generation should motivate and inspire all involved. Most significantly,
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CPVP will enhance QoS and QoE, ensuring a better user experience and network

performance.

Developing the coordinated cache placement mechanism improves the NDN
architecture by significantly addressing the current delay time issues and unnecessary
placement. The concept of NDN coordinated placement caching, especially when
using CPVP, has the potential to make a profound impact. As CPVP becomes the

standard, the entire NDN research community can look forward to reaping its benefits.

1.9 Research Contributions

The primary motivation is to address the challenges associated with coordinated
cache placement for VoD in NDN. This study’s main contribution, creating a new
Coordinated Cache Placement by Partitioning mechanism, CPVP, is a significant
advancement that enhances NDN’s functionality. The functional requirements are
discovered by experimental evaluation of the existing cache placement mechanisms.
This study will also be an important aid in actualising the provision of Internet

architecture and improving the VoD for the IoE and the IoT.

The CPVP enhances VoD services, empowering students to take an active role in their
education and making the learning process more engaging and active. CPVP requires
three schemes: VAS, VCDS, and VPS. VAS helps aggregate the interested video,
reducing path and data redundancy to reduce the network footprint. VCDS decides
to either cache in the edge location or not cache to reduce the average E2EDelay. VPS
works on partitioning video into three routers to increase the average hit ratio and
reduce server load. Thus, the CPVP mechanism optimises storage utilisation, reduces

VoD access delays, and enhances overall service quality.

Such improvements are anticipated to benefit users and providers of online videos as
21



the proposed mechanism becomes a standard in NDN. This standardisation is expected
to spearhead advancements that will benefit the entire NDN research community,
offering a promising future. It is also important to consider the contribution of this

academic study to scientific knowledge in this area.

1.10 Thesis Outline

This thesis is arranged into seven chapters. These chapters are organised as follows:

Chapter One provides an introduction to the topic, together with the background of
the study, problem statement, research questions, and objectives. The chapter also

includes the research scope, significance, and thesis outline.

Chapter Two reviews existing studies in the literature dealing with NDN and
in-network caching, then focuses on analysing many caching placement mechanisms

with VoD services.

Chapter Three emphasises the methodology approach to fulfil the research

objectives and the simulation set in this research work.

Chapter Four focuses on the empirical evaluation of seven caching placement
mechanisms in NDN during VoD to identify the features of these mechanisms. Thus,

the first objective will be achieved.

Chapter Five presents the network model and analyses the problem of the caching

placement mechanism, then analyses the coordination and non-coordination
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placement mechanisms to design the new coordinated video partitioning mechanism
called CPVP, which has three schemes: VAS, VCDS, and VPS. Thus, this chapter

aims to satisfy the second objective along with its verification and validation.

Chapter Six evaluates the CPVP performance and compares it with the LCE, LCD,
and Prob caching placement mechanisms by simulations. The performance metrics
for evaluation are the average E2EDelay, average cache hit ratio, total reduction in the
network footprint, and the server load reduction during VoD traffic. This chapter

achieves to satisfy the third objective.

Chapter Seven presents the research conclusion and a summary of the contributions
and limitations, in addition to offering more future studies based on the results of the
current study and the research reduction in the network footprint and the server load
reduction during VoD traffic. This chapter achieves the third objective, issues related

to NDN fundamentals.
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CHAPTER TWO
LITERATURE REVIEW

The Internet is transforming significantly from the traditional host-to-host
communication model to a content distribution platform. This shift is driven by
the increasing volume of Internet traffic that is now primarily hosted and location-
independent. This is a departure from the traditional applications that rely on machine-
to-machine or point-to-point connections, such as Teletype Network (TelNet), Secure
Shell (SSH), and Voice over Internet Protocol (VoIP). The implications of this shift are
profound, as it not only changes the way of using the Internet but also necessitates a
rethinking of Internet architecture and the development of new networking paradigms

like Information-Centric Networking (ICN) [102} 103].

This Internet traffic embodies examples that include the transfer of data in bulk, the
web, and video distribution, not forgetting the current advances and trends on social
networking platforms. To accommodate the importance of introducing a content-
oriented Internet, recent studies conducted by researchers have put considerable effort
into reconsidering Internet architecture, bearing in mind that the dominant usage
pattern is user-to-content traffic. ICN, being a unique networking paradigm, prioritises
content at the forefront of any communication initiated between random dual users
of the system without paying attention to concepts of host- and location-identifiers

(104, [105]].

In ICN, content is named explicitly and uniquely, enabling users to request content
using these identifiers rather than the traditional node identifiers used in Internet
Protocol (IP) addresses [106]. ICNs enable many nodes, especially those close to
the end users, making communication and storage provision possible. At this edge,

the direct connection of nodes with each other is made possible by having access
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to content locally whenever it is available [[107]. Several different architectural
approaches have been proposed to accommodate these network architecture changes.
These approaches, which include TRIAD, CBCB, DONA, 4WARD, NetInf, PSIRP,
MobilityFirst, SAIL, CONET, COMET, PURSUIT, NDN, and CONVERGENCE,
each offer unique solutions and potential benefits for the future of the Internet

(107, 150].

This literature review is a testament to the collaborative effort of researchers in shaping
the future of the Internet, NDN, which is the Named Data Network. It presents a
comprehensive overview of the related research areas implemented concerning the
current subject matter. This chapter is structured as follows: In Section[2.] the benefits
and features of NDN are broadly classified into system architecture, system services,
and NDN applications such as Video on Demand (VoD). NDN systems are serviced
by forwarding, routing, security, mobility, and caching. Section [2.3] highlights that
in-network caching is characterised by on-path caching and off-path caching, whereas
on-path caching contains multiple types, as explained in this chapter. In addition,
Section|2.4|presents the famous NDN cache placement mechanisms with VoD services.
Section [2.5|compares caching placement mechanisms. Finally, the chapter ends with a

summary presented in Section[2.6]

2.1 NDN C(lassification

The NDN classification, as shown in Figure is proposed based on an analysis of
its architectural design, important auxiliary support, and key functional characteristics.
The NDN features are broadly classified into the system’s architecture, services, and
applications of NDN [103]]. The research briefly reviews various real-life applications
previously developed using NDN and potential applications that can be developed in

the future, with a particular focus on VoD due to its challenges with delay and Quality
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of Service (QoS). These challenges underscore the efficiency of NDN in managing

Internet responsibilities for various applications in the coming years.

Figure 2.1. Classification of NDN

2.1.1 NDN System Architecture

This section discusses the organisation of various components, their working
principles, and their interaction within the system. It’s important to note that every
NDN router plays a crucial role in maintaining three data structures: Content Store
(CS), Pending Interest Table (PIT), and Forwarding Information Base (FIB). Each
data packet in the NDN system can independently confirm its identity, ownership,
and authenticity. As part of its responsibilities, the NDN router places a copy of the
data packet in the CS, contributing to the optimisation of bandwidth, the enhancement
of sharing probability, and the minimisation of content retrieval time. Searching CS

entries follows the exact matching of names, character by character [S0].

Moreover, PIT maintains an entry for every incoming interest packet until its
corresponding data packet arrives. FIB has the function of significantly reducing
network load and data latency by maintaining next-hop(s) and other relevant

information for every destination name prefix that is reachable, such as the quality
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of the link, the cost of the path, or the available bandwidth [108]].

2.1.2 NDN System Services

This section concerns the key efficient features of NDN. These features and
characteristics include routing, caching, forwarding, security, and mobility. NDN
supports in-network caching of the user’s requested content. The following subsections

discuss these major features of NDN in recent years.

2.1.2.1 Forwarding

The NDN forwarding plane can find and fix failures on links, nodes, or packets,
so routing does not need continuous FIB updates. This makes the NDN routing
plane more stable and scalable. NDN forwarding is divided into scalable forwarding
and forwarding mechanisms. Intelligent and stately forwarding is supported through
scalable forwarding. This, in turn, allows NDN routers to measure the packet’s Round-
Trip-Time (RTT), packet losses, throughput, and alternative path during congestion and
overhead. In addition, the forwarding plane in NDN simultaneously serves as a control
plane because the forwarding mechanisms to accomplish all the decisions are required

to forward the Interest and Data Packets [109]].

2.1.2.2 Routing

Routing is responsible for establishing topology and policies and handling long-term
changes. It also updates the corresponding forwarding table. At NDN, its routing
protocol synchronises with the NDN forwarding plane for probing and ranking the

interface [110].
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2.1.2.3 Security, Privacy & Trust

Content security is a major and crucial requirement for any data-centric network [[111].
One of the key problems facing NDN security is the cost-effectiveness of its security
operations, management of trust, and protection of privacy. In NDN, a standard
public key for security is used to sign every Data Packet, which is necessary for
authenticity verification by anyone [S0]. The important properties of trusted content
are authentication of origin, data integrity, and data relevance against the requested
data. An appropriate signature mechanism is selected, such as Rivest Shamir Adleman

(RSA) [111}[112].

Trust management is used to authenticate a key assigned to a particular pocket in an
application [S0]. Trust performance can be average, good, or excellent [113]. To
achieve privacy in NDN, the routers store the user’s request. In NDN, encryption of
both the content and its name is necessary for the provision of privacy, and this is

similar to the Anonymous Named Data Networking Application (ANDaNA) [114]].

2.1.2.4 Mobility

The NDN’s mobility help is often broken down into three areas. These three concepts
are network mobility, customer mobility, and producer mobility. NDN enables
network efficiency and prompt information transmission to these mobile consumers by
organically supporting the mobile consumer’s needs [115]]. Hence, the consideration of
NDN mobility raises two significant questions. The first question concerns consumer
mobility in the sense of how the requested data can be returned to a moving consumer,
and the second question is in regard to producer mobility in terms of how a consumer’s
interests can get to the generated data through moving producers, such as mobile [19].
In C. Fang et al. [116]], mobility was classified as a subscriber, a publisher, and network

mobility.
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2.1.2.5 Caching

The practice of in-network caching, which involves storing content at intermediate
nodes, is a fundamental aspect of the NDN data delivery model. This approach offers
numerous advantages, such as reducing overhead on the producer side by separating
content from its creators. It also eliminates single points of failure. In-network
caching is particularly beneficial for dynamic content in multicast or retransmission
scenarios due to packet loss. Most importantly, it relieves the network of unnecessary
burdens, thereby enhancing performance, reducing network load, and decreasing data

dissemination latency [117,118].

The importance of measuring cache performance can give the listed metrics context:

1. The content retrieval delay is the time between generating and delivering the
content request to the consumer. It is crucial for performance in time-sensitive
applications. Faster data retrieval leads to lower cache latency.

2. The cache footprint, the amount of cache space a workload requires, is a
powerful metric. Understanding and utilising this metric empowers optimising
cache placement, ensuring that frequently accessed data fits within the available
space. This control over cache space can significantly enhance the efficiency of
the caching system.

3. The cache hit rate, a pivotal metric, directly influences data retrieval speed.
A higher cache hit rate indicates that the cache effectively stores frequently
accessed data, leading to faster data retrieval and reduced latency. This metric
is often used as a primary indicator of cache effectiveness, and its practical
implications on data retrieval speed are significant. Understanding the role of
cache hit rate in data retrieval speed is crucial for network engineers, system

administrators, and researchers in the field of computer networking, as it directly
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impacts network performance.

. Cache latency is the time it takes to access data from the cache once a request
is made. Lower cache latency results in faster data retrieval, which is crucial for
performance in time-sensitive applications.

. Cache utilisation, a crucial metric, is the percentage of the cache actively used
to store useful data. High cache utilisation indicates efficient use, reducing
the likelihood of unnecessary evictions and cache misses. This metric plays a
significant role in maintaining an optimally performing cache system, making it
a key aspect to consider in cache management. Understanding and optimising
this metric can greatly enhance the efficiency of the caching system, a fact
that network engineers, system administrators, and researchers in the field of
computer networking should be aware of.

. The eviction rate is the frequency with which data is removed from the cache
to make room for new data. A high eviction rate may indicate that the cache
placement strategy could be more optimal, as it leads to more frequent cache
misses.

. The server load and store latency is the time it takes to load data from or store
data in the cache. Lower latency indicates that the data placement strategy allows

quick access and updates, reducing overall access time.

This study focuses on caching and will be briefly described in the following sections.

2.1.3 Applications

NDN’s architectural characteristics make it a versatile tool for various networking

applications. Its functional features, including security, multi-path forwarding, name

data routing, in-network caching, scalable forwarding, and infrastructure-less mobility,

make it a promising alternative to the current Internet. This breadth of applications
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underscores the potential of NDN in various fields [119, 120, [121]]. The practical

applications of NDN are vast and diverse, spanning multiple fields such as:

* NDN shows promise in Smart System Development (SSD), such as Smart
Cities, Smart Grids, and the Internet of Things (IoT), where features like name
data routing and in-network caching can improve the efficiency and security of
data transfer between smart devices. For example, in a smart home system,
NDN could facilitate secure and efficient communication between various [oT
devices, allowing for seamless automation and control of household appliances.
This smart home could include automatically adjusting thermostat settings,
controlling lighting, or monitoring security cameras [122} [123]].

* Building Automation Systems (BAS) can benefit from NDN’s scalable
forwarding capabilities, leading to more reliable and adaptable systems for
managing buildings and infrastructure. For instance, NDN can enable BAS
to efficiently control lighting, HVAC systems, and security cameras in large
commercial buildings, improving energy efficiency and security measures.
HVAC is a shortened form of the term "Heating, Ventilation, and Air
Conditioning". A domestic HVAC system is a comprehensive home comfort
system that can heat and cool your house while enhancing indoor air quality and
regulating humidity levels. Additionally, NDN’s ability to handle large amounts
of data traffic improves the performance of intelligent grid systems, enabling
better management of electricity distribution and consumption [[124} [125]].

e Using NDN in vehicular communication could revolutionise transportation
systems by enabling secure, efficient data exchange between vehicles,
infrastructure, and other devices on the road. For example, in a smart city setting,
NDN could allow for seamless communication between autonomous vehicles
and traffic lights, improving traffic flow and reducing accidents. Furthermore,

NDN technology could also be utilised in emergency response systems to
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quickly and efficiently relay critical information between first responders and
command centres during natural disasters or other emergencies [126].

* Conferencing and educational systems stand to gain from NDN’s multi-path
forwarding feature, which can enhance the quality of real-time communication
and collaboration among users. For example, in a remote learning
environment, NDN could enable students and teachers to engage in interactive
virtual classrooms with minimal latency and high-quality video streaming.
Additionally, in business conferencing settings, NDN’s ability to efficiently
distribute data across multiple paths could lead to more reliable and secure
communication between participants in different regions [127]].

* NDN’s potential applications in multimedia systems, gaming, entertainment,
and VoD services highlight its versatility as a technology that could shape the
future of content delivery and user experience across various platforms. For
example, NDN could enhance multiplayer experiences in online gaming by
reducing lag and improving overall performance, instilling optimism about the
future of content delivery and user experience. In VoD services, NDN’s ability
to efficiently deliver high-quality video content leads to faster streaming speeds,

better user satisfaction, and revolutionising entertainment [[128]].

This research proposal is particularly urgent as it focuses on VoD as one of the NDN
applications. The unique need for big-size caching in CS in VoD is a pressing issue.
VoD’s direct viewing makes delivery time a crucial factor. Also, Section [2.4]talks about
how various cache placement mechanisms might affect the performance of VoD in

NDN and how important this research is for boosting QoS through better VoD services.
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2.2 Classification of Caching Mechanisms

Caching mechanism types are classified based on the cache decision mechanism, a
critical component in the caching process that decides whether to cache the data
packet in the intermediate routers. These decisions significantly impact the caching
process, as they are the key determinants of the efficiency and effectiveness of the
cache system. As a result, caching mechanisms are broadly classified into two
groups: cache placement, which determines whether to place the content on the
network, and cache replacement, which decides if the content should be cached at
the router. Understanding caching replacement mechanisms can shed light on the
caching system’s overall behaviour and performance, affecting the strategy of placing
video chunks. Both cache replacement and cache placement mechanisms are crucial
in determining a caching system’s overall effectiveness and efficiency. They work
together to manage how data is stored and maintained in the cache, influencing the

performance of the cache in terms of speed, hit rate, and resource utilisation, as shown

in Figure [2.2]

Figure 2.2. Classification of Different Caching Mechanisms
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2.2.1 Cache Replacement

A very popular cache replacement mechanism is the Least Recently Used (LRU)
mechanism, which discards contents that were least recently accessed.  This
mechanism possesses high performance and has the potential to increase cache hit
probability through the storage of the most recent data for an additional time. Another
important and well-known cache replacement mechanism is Least Frequently Used
(LFU), which discards the contents that are the less frequently used first. The timing
of the cache’s decision can be based on the arrival of content at the router and the
replacement of content. There is a further classification of cache replacement, which
is based on the popularity of the content or prioritisation of content, such as the
replacement of less popular and low-priority content being done first [[129] 130} [131]].
An understanding of caching replacement mechanisms can shed light on the overall
behaviour and performance of caching systems, which in turn affects the mechanism

of placing video chunks.

However, the cache’s effectiveness is influenced by how well the placement
and replacement mechanisms complement each other. However, poor placement
mechanisms can lead to frequent conflicts, which can be mitigated by intelligent
replacement mechanisms that minimise the impact of these conflicts. For example,
if multiple pieces of data are mapped to the same cache location, they can displace
each other, leading to conflict misses. Then, the replacement mechanism decides
which of these conflicting entries to evict [132, (133} [134]. While understanding
cache replacement is foundational, the primary challenge this study addresses is the
coordinated caching placement for video chunks across nodes, as will be discussed in

the following sections.
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2.2.2 Cache Placement

The default inbuilt cache placement mechanism in the NDN architecture is Leave
Copy Everywhere (LCE) [135)]. In LCE, caching of the Data Packet is performed
at all existing routers between the consumer and the producer, with the induction of
significant cache redundancy. In other words, similar contents are cached at multiple
nodes, reducing the diversity of the content in the entire system. Examples of already
existent nine cache placement mechanisms for the reduction of cache redundancy are
Leave Copy Down (LCD), Random Choice Caching (Rand), Probabilistic (Prob), Path
Probabilistic Cache (PProb), Hybrid Caching (Cross), Centrality-based mechanism
(Centrality) [72, 136, [1377], Cache Placement Based on Compound Popularity
Mechanism (CBCP) [67], and Cache Placement Mechanism Based on Entropy
Weighting Method and TOPSIS (CBEWT) [138]], as will be elaborated in detail later

in this chapter.

While the LCE mechanism enables caching at all routers, more strategic cache
placement mechanisms consider specific content characteristics. Storage of popular
content is needed at the network edge to achieve a utility increase in cached content in
the entire system. This increase comes with the advantage of minimising the latency of
content downloading and improving the entire network’s cache diversity. An efficient
coordination scheme is also important among the routers to reduce redundancy and
improve cache diversity [[139]. Cache coordination schemes are of two types, which
are explicit and implicit schemes, and that will be explained in the next Section [2.3]
for a clear understanding of how the caching placement works to come up with cache

placement mechanisms for VoD in Section[2.4]

The cache placement categories are divided into four major categories: content

popularity, cache partitioning, selfishness, and miscellaneous, as shown in Figure 2.2]
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* Content popularity: This concept involves caching only the most popular
content on the network. The goal is to reduce traffic on the inter-domain, which
refers to communication between different network domains or administrative
entities. The total number of requests for the content, which remains stable
over a short period, determines the popularity of the content. However, if large
amounts of data, like VoD, are in the cache as a result of caching placement
based on popularity, it may cause problems such as an occupied cache. In the
NDN network, various types of traffic storage space exist in the content store of
an NDN node. To efficiently share this limited storage space, cache partitioning
is necessary.

* Cache partitioning: Cache partitioning refers to dividing the cache space into
sections or segments, each dedicated to a specific type or class of data. The
concept of cache partitioning has been researched in studies with the application
of network traffic analysis, which increases the cache performance, like the
cache hit ratio. To experience impressive cache performance, there should
not be a replacement of application contents that can be reused, such as web
and videos, with non-cache-able items like telephony apps, email, and others.
Rather, the CS could be partitioned at the NDN router for the various types of
traffic classes, such as Constant Bit Rate (CBR), which refers to a network that
provides a guaranteed data rate, and non-Constant Bit Rate (non-CBR), which
refers to a network that does not provide a guaranteed data rate, where the former
is used for multimedia applications. Cache partitioning can be of two types:
static or dynamic. One class cannot use another class’s cache space in static
partitioning. Meanwhile, in dynamic partitioning, the space of a class cache can
be used by another traffic class when the former does not use the cache space
at that specific time. Rezazad et al.’s [44] introduction of dynamic partitioning
of the content store for NDN traffic uses the cache miss equation for dynamic

partitioning of database buffers. This scheme minimises cache miss probability
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and ensures fairness across various NDN traffic. Placement decisions can be
optimised for specific content types, such as videos, by strategically segmenting
the cache space. Furthermore, there is partitioning for CS [44] (140, 86] and
there is partitioning for big data like video in multi-Cs that cache video types
(141,182,142 141,1142]. Partitioning video to multiple routers is called cooperative
partitioning because the routers cooperate in migrating between themselves to
enhance memory utilisation and increase hit rate and network footprint.
Selfishness: considers every node to act selfishly. In the context of selfishness,
caching refers to nodes making caching decisions based solely on their benefit
rather than a collective network gain. This decision is because nodes will only
coordinate the cache when there is a reduction in their accessible content cost.
Such as a Not So Cooperative Cache (NSCC) scheme in which a self-centered
node performs content caching if the coordination of the cache significantly
reduces its own access cost through data access from either its local cache
or its neighbour’s cache. The potential for substantial cost reduction in the
NSCC scheme offers a hopeful outlook for future content caching in computer
networks. The main aim of this scheme is to discover which contents need to be
cached at every node to minimise the individual node access cost [1235,143]].
The miscellaneous: It refers to a versatile category of caching mechanisms
and offers a range of benefits in various contexts. For instance, it can cache
game assets or levels for faster load times, improve streaming quality by caching
video segments at edge locations, and facilitate ad hoc data distribution on
mobile devices using the NDN network. The ’data interval’ parameter, which
determines the validity of cached data, is a key feature of miscellaneous caching
and is typically an integer value in the data packet, routing, and PIT. However,
Zeng et al. [144] have introduced the Ad-hoc On-Demand Distance Vector
(AODV) caching scheme, a promising development in caching mechanisms.

This scheme sets an integer data interval parameter in the data packet to
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distribute contents along a returning path. The parameter plays a crucial
role in determining the cached data interval along the interest-forwarded path,
which is the data provider of the content sets. Each time content is forwarded
downstream, the data interval value is decremented by 1. When the interval
value becomes 0 at any intermediate node, CS caches the content and resets
the data interval value. This process is repeated until the consumer receives the
data packet. It’s important to note that using the AODV caching scheme’s data
interval parameter significantly improves the effect of cached data distribution on
mobile ad hoc NDN network performance [144145]]. In addition, some authors
have introduced caching to the routing and PIT to enhance the performance of
the NDN forwarding daemon. Choi et al. proposed a Coordinated Routing
and Caching (CoRC) scheme. This scheme is designed to mitigate the impact
of routing scalability and boost in-network caching efficiency, offering the

promising potential for improved network performance [125,1146].

2.3 In-network Caching

Traditional caching schemes used in network architectures include in-network,
hierarchical, and proxy caching, each with a unique design. However, the practical
benefits of in-network caching have captured the attention of researchers, making
it a more promising area of study than traditional caching methods. Internet
architectures, specifically content distribution and data delivery systems, employ
hierarchical caching to arrange caches in a multi-level hierarchy, positioning different
cache levels at various network points. These points range from the core network to the
edge, and each serves specific roles in data storage and retrieval. Furthermore, proxy
caching is a traditional Internet caching technique in which a proxy server stores copies
of frequently requested data or web content to serve future requests more efficiently.

In addition, in-network caching refers to the ability of network nodes to store copies
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of data that pass through them temporarily. Examples of these nodes are routers,
switches, or edge devices. Subsequent requests can then directly receive this cached
data, eliminating the need to fetch the same data from the source repeatedly. However,
in-network caching is a key feature of NDN that is crucial in enhancing the efficiency
and performance of data dissemination in Smart Systems like Smart Cities, IoT, and
Smart Grids. Therefore, this study proposes a caching mechanism that relies on on-
path caching, which then enhances collaboration and content sharing among routers.
This mechanism is suggested for storing video in the routers and reducing End-to-End

Delay (E2EDelay) effectively in NDN for VoD services.

In-network caching focuses more on critical network operations. NDN caching
at network routers presents an in-network caching challenge. Because in-network
caching works differently from Web and hierarchical caching, many techniques and
approaches have been studied and suggested as possible solutions. Previous studies
have demonstrated that in-network caching has a significant impact on network
performance enhancement, throughput growth, traffic, and retrieval time reduction
[147,[139]]. This collective acceptance of in-network caching as an NDN enhancement
underscores its vital role in network design. Note that in-network caching is a vital
design component, and there are two types: off-path caching and on-path caching.
They refer to where the cache is located relative to the data flow between a client and
a server. Off-path caching is an in-network concept that stores cached data in network
nodes that do not directly connect to the data source or the requester. It stores data
at alternative or secondary nodes that are not immediately involved in handling the
original request. On the other hand, on-path caching caches data at nodes along the
route of the data request. However, Figure [2.3] explains and shows various caching

schemes.
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Figure 2.3. Caching Schemes

2.3.1 Off-path Caching

Off-path caching is a mechanism that does not directly connect to the communication
path between the user and the server. It is located separately, requiring extra steps for
the client to retrieve data. Off-path is useful for scenarios where not all data needs to
be cached or different data caching strategies are required for different content types.
Managing off-path caches can be complex, requiring additional mechanisms to ensure
proper access. In scenarios where different data caching strategies are required for
different content types, it proves useful. Therefore, implementing off-path caching can
become more complex, leading to increased hop counts. Accessing data from an off-
path cache can introduce additional latency compared to on-path caches, especially
if the data is VoD [148| [149, 150} [151]. Therefore, this study proposes a caching
mechanism that relies on on-path caching, which then enhances collaboration and
content sharing among routers. This mechanism is suggested for storing video in the

routers and reducing E2EDelay effectively in NDN for VoD services.
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2.3.2 On-path caching

It is a caching technique that is commonly utilised in NDN. It caches the data directly
on the path between the client and server, which leads to reduced latency and retrieval
time. On-path caching behaviour is displayed when interested items are being served,
as the data chunk will be cached at each router along the path from the content producer
to the consumer. At the same time, the interested items are cached at PIT, while the
data chunk is cached in different CS(s). In addition, the usage of network bandwidth

is reduced, especially for frequently accessed content.

Consequently, the capability of the caches is investigated as a specified requirement
that permits sufficient content to be available when requests are submitted. For
example, the LFU caching replacement mechanism caches the content depending on
the frequency of requests. In contrast, the LRU caching replacement mechanism
caches content based on recent use [131} [152]. As the provision and intelligence of
flooding content become less complex, more features are necessary for on-path caching

[153].

For NDN, maintaining caching ability is required from every router, referred to as in-
network caching. This behaviour of on-path caching is advantageous in several ways

[©f, such as:

* Multi-cast support: NDN gives the routers the ability to cache. Edge routers
can now handle content distribution rather than the content’s original creators.
This support goes a long way toward saving massive resources in the network.

* Chunk re-transmission: The request must be re-transmitted to achieve reliable
transport protocols. Better efficiency will be recorded if the contents are re-

transmitted from closer routers to the users than if re-transmitted from the
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originating servers in NDN.

Although on-path caching is beneficial for distributing content, it still possesses certain
shortcomings. The major disadvantage attributed to on-path caching is space wastage
because it keeps similar contents at multiple routers. This space problem occurs
because data caching at each router on the delivery path can store similar replicas
all over the network, specifically for the contents that have higher popularity. Due
to this, it is often believed that on-path caching wastes space and simultaneously
lowers network speed by reducing the global hit ratio due to unpopular content. In
addition, scaling on-path caches can be challenging due to handling all the traffic
passing through the path, requiring significant resources. In research to improve the
functionality of in-network caching in NDN, several caching techniques have been

created in response to these issues [[139]].

In NDN, two kinds of on-path caching schemes are coordinated and non-coordinated.
The next subsections will introduce these various caching schemes and pertinent

research using them [139].

2.3.2.1 Non-coordinated Caching Policy

Non-coordinated caching refers to routers operating a cache independently while
upholding their regulations. Each router independently operates the canonical caching
strategy, and the typical methodology is based on frequency, request, or past usage
[154]. Non-coordinated caching needs help to make caching decisions based on global
information, making it nearly impossible to maximise the caching space properly.
NDN adopts on-path caching, such as LCE, and Rand [155} [156, 157, [158]. More
details of these mechanisms are explained in Section[2.4] Researchers Chai et al. [159]

emphasised that distributed caching decisions in non-cooperative caching will only
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partially exploit the potential advantages that in-network caching can bring. Therefore,
this non-coordinated caching policy leads to waste or under-utilisation of the cache

space.

On the other hand, this study focuses on VoD services, which require maximum
cache space utilisation. Thus, this study proposes a coordinated cache placement
mechanism for VoD services. The next section will explain the additional advantages

of coordinated caching.

2.3.2.2 Coordinated Caching Policy

Coordinated caching refers to the routers not working independently but putting out a
joint effort to store different content. From access to the shared information between
routers, the coordinated scheme can make caching decisions concerning precise
performance objectives. Coordinated caching achieves relatively better utilisation
of caching space than non-coordinated caching. As a result of the limited caching
capacity, there is no maintenance of unpopular content in such conditions, and there
is a probability of reducing the global hit ratio being experienced. Another concern
that is raised deals with the fairness issue, which seeks an answer to whether every
content possesses an equal right to benefit from the capacity of the cache. Likewise,
more traffic overhead will be generated within the network due to the high volume
of information exchanged between the routers. Choosing a criterion for making a
caching decision may be costly sometimes, bringing about impracticality in deploying
policies. Therefore, coordination schemes are of two types: explicit and implicit cache

coordination schemes.

» Explicit cache coordination schemes: In this scheme, it is necessary to have prior

knowledge of the content access frequency, the topology of the cache network,
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and the state information of the network cache. This scheme is required to be
able to make placement decisions about content. Explicit coordination allows for
more strategic placement and retrieval of content across caches. By coordinating
what is stored where, the system can reduce redundancy and better use available
storage and bandwidth. In addition, the system administrators can design
caching strategies that are predictable and optimised for specific workloads
or traffic patterns, leading to more consistent and reliable performance. It
can distribute the load more evenly across the network, ensuring that no
single cache is overwhelmed while others are underutilised. A centralised
or coordinated control mechanism allows for easier enforcement of policies,
such as content prioritisation or security protocols. By explicitly coordinating
which content is cached and where, the system can ensure that high-priority or
frequently accessed content is readily available; the overall QoS for end users
can be improved. Thus, explicit coordination can optimise resource utilisation,
predictable performance, load balancing, centralised control, and improved QoS.
This scheme is essential in environments with strict performance or compliance
requirements. This scheme helps maintain a balanced and efficient system,
especially under high-traffic conditions [160, [161]]. Concerning making these
decisions, this explicit coordination scheme can be further classified to work in

three forms:

1. Global coordination: refers to all the cache nodes involved in the decision.
It is ideal for networks requiring comprehensive control and optimisation
across a wide area, focusing on maximising resource efficiency and
consistent policy enforcement.

2. Path coordination: means that the cache nodes along the path between
the producer and consumer are involved in the decision. It reduces latency
and optimises bandwidth usage, making it well-suited for scenarios where

content needs to be delivered quickly and efficiently along specific routes.
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3. Neighborhood coordination: involves all the cache node neighbours
in the decision. It provides localised optimisation and fault tolerance,
making it a good choice for networks where regional load balancing and

adaptability to local demand are critical.

This explicit approach is typically accomplished by inserting the required
information for coordination into the requested content. For example, the needed
information may either be each cache node’s status or the frequency of the
requested object at every cache node. When a request is received, the hit node
will use the obtained information to compute the optimal placement mechanism
for content. For example, a centrality-based caching mechanism exploits the
concept of (ego network) betweenness centrality to improve the caching gain.
On the other hand, betweenness centrality means that the content is only stored
at the nodes that have the best chance of getting a cache hit along the path of
delivery [159, 161]], as explained in Subsection@l

Implicit cache coordination schemes: In this scheme, every cache node does
not need to have prior knowledge of the status of the other cache nodes. This
scheme suggests that the nodes only exchange information before deciding
where to store the material. It is flexible because decisions are made based
on local conditions such as user demand, hit rates, or network traffic. This
flexibility allows the system to adapt to varying conditions without central
oversight. It has scalability since there is no need for centralised control
or frequent communication between caches, and implicit coordination scales
well with large, distributed networks. Each cache can manage its operations
without overburdening a central controller. It reduces overhead because implicit
coordination minimises communication overhead, and caches do not need to
constantly exchange information or synchronise their actions. This scheme can
lead to faster decision-making and reduced latency. With implicit coordination,

there is less need for complex management protocols or coordination algorithms,
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which can simplify the overall system design and implementation [[161]].

There are many implicit placement mechanisms, such as LCD, Prob, Content-
Aware Caching (ProbCache) [162], and PProb. Furthermore, there is Cross,
CBCP, and CBEWT [163, 164,116,100, 67,138]]. Due to its flexibility in making
decisions based on local conditions, each implicit coordinated cache placement
mechanism above is decided based on different conditions, as explained in

Section 2.4]

Based on the previous considerations, cache coordination is divided into explicit and
implicit categories according to the level of autonomy in cache decision-making.
The study’s specific goals determine whether implicit or explicit cache coordination
is used. Thus, this study’s goals are to place VoD services in the cache to reduce
E2EDelay and server load, raise the average hit ratio and footprint, and improve
memory utilisation. However, explicit coordination is ideal for environments where
performance predictability, resource optimisation, and strict QoS requirements are
critical, such as VoD systems or CDNs. Conversely, implicit coordination is generally
more suited for large and dynamic networks where scalability, flexibility, and fault
tolerance are prioritised. Therefore, the explicit cache coordination scheme using path
coordination is more appropriate for VoD because it provides better control over the
caching process, improves performance, reduces latency, better utilises caching space,

and provides a more reliable user experience.

2.4 Cache Placement Mechanisms and VoD Services

A cache, which instantly saves the accessible data, is quick-access memory. Caching
has been studied and employed in several computer-related fields, most notably in
NDN. The caching placement mechanisms determine the sequence of routers from

the actual content source to the user. Operational cache placement mechanisms are
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significant for reducing Internet Service Providers (ISPs) traffic and getting good
performance in NDN. Recent cache placement mechanisms are explained below to
determine which achieved the best delivery time during VoD services [[165, 166, 167,

168, 1106, [169] to design a new cache placement mechanism in NDN during VoD.

2.4.1 Leave Copy Everywhere (LCE)

LCE is an extensively utilised caching mechanism in NDN. It’s non-coordinated cache
placement. Thus, it does not require a control parameter to decide whether to cache or
not. It is stable due to its simplicity, inherent redundancy, and lack of coordination
overhead. By caching content at every node along the path independently, LCE
avoids complex synchronisation issues, provides fault tolerance, and maintains content
availability even in the face of network failures or node issues. This straightforward
approach contributes to the overall stability and robustness of the caching system.
Additionally, Li et al. [170] highlighted that LCE can lead to excessive duplication
of content, especially across each router on the content’s delivery path. However,
this means that when the content is requested by different users, the number of nodes
holding a copy of the content increases, leading to a larger content population within
the network. Therefore, the content population is increased, and the utilisation of
caching is expanded. In the case of LCE, the output stays stable. If the system
anticipates increased demand due to emergencies like flash floods, LCE can be
advantageous because it ensures that content is cached at multiple points without

needing advanced coordination [168, [169].

This mechanism was designed to cache within multi-level routers in networks. As
shown in Figure[2.4] the process is initiated by the user requesting the available content
on the server. Next, the request gets forwarded through routers till it arrives at the
publisher. For LCE, the occurrence of a hit either at a Level L cache or the main

server brings about the storage of a copy of the content that was requested in all in-
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between nodes (levels L —1,...,1) on the route, that is, beginning from the hit node
through the user that made the request. As a result of the contents being cached at all
nodes in between, when there is an arrival of new content, this content is forwarded
to the intermediate node rather than the server. With a copy of the new content, this
node sends the data reply. The concept of content caching at every router can improve
bandwidth utilisation because the requests are serviceable locally rather than being
sent to the server. Although the content replicas are not useful, the intermediate node’s
cache will be filled up, and the contents just arriving will not be able to contribute to

the cache hit.

Figure 2.4. The Operation of LCE

There is this impractical notion that content caching at all nodes will bring about an
increased cache hit ratio. This idea is said to be unrealistic because, at the point where a
node’s cache overwhelms, and there is an arrival of new content, it becomes expedient
to make a replacement of one of the cached contents. Replacement of content mostly

follows the replacement mechanism of LFU or LRU mechanism [171} [168]].

On the other hand, the LCE mechanism shows a performance disadvantage when
processing resources on multiple platforms. Putting a copy in each router on the path
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leads to utilising all the capacity of the content store, applying plenty of the cache
replacement mechanism, and spending more actions to serve the same request. These
simultaneously cause spending more time than the other cache placement mechanisms,
making their delivery time higher than theirs, especially when the content is VoD due
to the large size of the video. For this reason, there are other better mechanisms than

LCE for caching placement.

For video streaming or VoD services, the LCE approach results in multiple copies
of the same video content being stored across the network. This redundancy can
lead to inefficient use of cache storage, especially for less popular or niche content
that may not justify widespread caching. Managing a large number of redundant
copies can become cumbersome, potentially leading to issues with cache storage and
maintenance. Since LCE is non-coordinated, there is no central mechanism to manage
or update caches. Thus, it can lead to inconsistencies in the content available at
different nodes, particularly if videos are updated or removed. In addition, cache
eviction policies might be inconsistent across nodes. Some nodes may store outdated or
irrelevant content, while newer, more relevant content needs to be cached effectively.
For videos that are rarely requested, the LCE strategy may result in inefficient use
of resources. Caching such content at every node can lead to wasted storage space
and potentially unnecessary network traffic. There might be increased network traffic
due to the distribution of content. Thus, it could lead to higher bandwidth usage
and potential congestion, especially during peak times or for high-definition content

[168,1106].

LCE’s non-coordinated cache placement offers several advantages for VoD services.
Caching can be effective in certain scenarios, particularly for ensuring high availability
and reducing latency; its disadvantages include high storage requirements, increased

cache evictions, poor scalability, and inefficient use of bandwidth and cache resources.
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These drawbacks make LCE less suitable for environments where resources are
constrained or where optimising storage and network efficiency is a priority. Therefore,
LCE is often used selectively or in conjunction with other caching strategies that can

mitigate these issues.

2.4.2 Leave Copy Down (LCD)

Cache placement implicitly coordinates with the LCD caching placement mechanism.
The control parameter is the content location in the previous level cache [169]. Figure
[2.5]illustrates how it allows only one router to save a new copy of the interested object.
LCD selectively caches content based on its previous cache location, unlike LCE,
which caches content at every node. This can result in a more effective utilisation of
cache resources. This approach avoids unnecessary duplication of content across the
network, optimising storage usage. Therefore, LCD reduces the number of redundant
copies in the network compared to LCE. By freeing up cache space for other content,

we can cache a wider range of videos closer to users [106].

To avoid numerous replacements and repetitions of caching similar objects at multiple
levels, apply this LCD mechanism. The term multi-caching levels refers to a
hierarchical or layered approach to caching within a network. The LCD structure
enables the network to store content at various levels or locations, contingent on factors
such as demand, user proximity, and available resources. For example, consider a
VoD service with a three-level caching hierarchy. When a local area user requests a
video available in the regional cache (L), but not in the edge cache, the system delivers
the video to the user and simultaneously caches it at the edge cache (L —1). Also,
the LCD can work better under interconnection topologies and numerous workloads,
particularly while studying the caching behaviour of multi-caching levels [[172]. In the

context of VoD services, LCD can offer several advantages and challenges [[106), [120]].
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It was primarily created for hierarchical web caching approaches and included
sophisticated caching references if a cache hit is only performed for a specific piece of
content along the path. This mechanism primarily benefits from the ease of replicating
content to fit a specific cache size in a specific path. As a result, data becomes more
visible as it moves closer to the network’s edge. This mechanism’s drawback lies in the
potential failure to transmit a cache reference to the source when writing data across

multiple platforms [173}174]].

Figure 2.5. The Operation of LCD,Prob, PProb

Therefore, LCD has less redundancy along the path, fewer operations for each request,
more simplicity, a suitable cache size, and more moderation. All these advantages
of LCD result in a shorter delivery time compared to LCE, due to two key factors.
First, when increasing the workload, LCD strategically places content closer to users,
reduces unnecessary duplication, optimises network bandwidth, and adapts more
effectively to user demand. The second reason is that when increasing the workload,
LCE places the content in every router in one request, then the cache will fill in this case
and need more replacements in each request. This situation intensifies the difficulty in
locating the same request, as it undergoes frequent replacement with each new request.

Furthermore, in this case, it results in multiple additional processes that increase the
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delay.

Moreover, by focusing on selective caching and reducing the distance content needs
to travel, LCD ensures quicker access and more efficient content delivery, especially
in scenarios with high demand, varying access patterns, and large sizes of video,
particularly VoD. Since caching of contents only occurs at a single node (that is,
L — 1 level node), LCD can increase the cache hit ratio and utilise the cache space
effectively. However, in a case where there is a frequent request for some content
through the use of popular content, the cache space will eventually become crowded.
As a result, there will be no more available space for the new content. Crowding
occurs when all nodes on the link begin to cache popular content. This is why the LCD
also uses LRU to replace content in scenarios where the cache is full. This creates an
excessive eviction operation in which newly arriving content replaces popular content.
Accordingly, all the new requests replacing the evicted contents and then forwarding
to the server maximise bandwidth utilisation. Despite the implicit LCD coordination,
the strategy ensures that only the most relevant nodes cache the content. This leads to
better cache management. This adaptability ensures that VoD services can efficiently
respond to changing viewing trends. By caching content at the node closest to the user
who requested it, LCD ensures that subsequent requests can be served with minimal
latency, faster start times, and fewer buffering interruptions during video playback; the
network can deliver these data-intensive streams effectively; LCD reduces the overall
bandwidth consumption as fewer nodes are involved in caching the same content, and
the probability of network congestion can decrease, particularly during peak viewing

times.

Since LCD does not cache content at every node along the path, there’s a higher
probability that network congestion can decrease, particularly during peak viewing

times of cache misses if a different user requests the same content from a different part
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of the network. Such requests may experience a slight increase in latency due to the
need to fetch content from a more distant node. LCD’s effectiveness is dependent on
content popularity. If users do not frequently request content, the cache may not hold
it close enough to future users, potentially leading to inefficiencies for less popular or
niche content. Although LCD reduces the need for broad cache coordination, it still
requires intelligent eviction policies to ensure that the most relevant content remains
cached. As the system requests and caches new content closer to the user, it may
need to evict older content, a process that can be complex to manage effectively. The
system must strike a balance between maintaining the cache of popular content and
making room for new content. Improper management could result in the removal of
content that is still necessary, leading to unnecessary cache misses. As the number
of users and content requests increases, the LCD strategy must scale effectively to
maintain its benefits. This may require careful tuning of caching parameters to avoid
overloading downstream nodes with too much content. In scenarios where regional
traffic patterns vary significantly, LCD might struggle to cache content efficiently
across different parts of the network, potentially leading to uneven performance across
regions. The network topology closely influences the efficiency of LCD. In networks
with complicated or non-linear topologies, it can be hard to find the "downstream"
node and cache content in the best place, which could make the strategy less effective.
In VoD services, the path length from the content source to the user can vary. In cases
where the path is long, caching only at the closest node may not be sufficient to reduce
latency for users further away from the cached content. Therefore, when a video is not
popular and the user’s path is lengthy, an increase in the cache size can lead to a delay.
This is because the cache size may not fill quickly, resulting in a lower replacement rate
for the content. This lower replacement results in the video remaining on the same long
path for an extended period. At the same time, not having a popular video does not

help to make the content closer to the user with each request [[174, 1120, 16, 168, [175].
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LCD’s implicit coordinated cache placement offers targeted efficiency, reduced
redundancy, and improved user experience for VoD services. By caching content
closer to the end-users who request it, LCD reduces latency and optimises the use
of cache resources, making it well-suited for delivering high-demand VoD content.
However, the strategy also presents challenges, including potential cache misses,
eviction complexity, and scalability concerns. In practice, LCD might be most effective
in scenarios where content popularity is predictable and network topology supports
efficient downstream caching. Properly managing cache eviction policies and adjusting
to changing user demand are crucial for maximising the benefits of LCD in VoD

services.

2.4.3 Random Choice Caching (Rand)

It is a non-coordinated caching placement mechanism in NDN because it does not
require a control parameter to decide whether to cache or not. A randomisation
process independently determines each caching placement. Furthermore, cache
sets, cores, or nodes do not directly communicate or coordinate to determine the
placement of content. This content item is cached randomly in one router along
the shortest delivery path. The Rand caching mechanism is highly viable across
different hardware, software, and networking platforms. Its core strength lies in
its flexibility and adaptability, allowing it to improve cache performance in a wide
variety of environments. Whether implemented in hardware systems, managed by
software, or deployed across network platforms, Rand provides consistent benefits by
reducing conflict misses, balancing load, and optimising data access across diverse
configurations. This broad applicability makes Rand a robust and effective caching

solution for many different types of platforms [176} 161} [106].

Despite encountering some challenges when handling packets across various

platforms, it is highly stable in peer-to-peer network activities because of its
54



decentralised nature, scalability, robust load balancing, fault tolerance, and design
simplicity. By distributing cached content randomly across the network, it ensures
even distribution, resilience to node dynamics, and reduced impact from node failures,

all of which contribute to the overall stability of the system [177, 176} [156].

The advantage lies in its ability to support multiple platforms’ node numbers [178].
Although this mechanism typically performs poorly in terms of cache hits, it serves as
a baseline [[179, 106]]. Randomly, it identifies a content resource on the delivery path
where it will cache a data packet. As a result, the multi-layer processing nodes delay

the packet’s transmission from one location to another.

This approach has important implications for VoD services due to the nature
of video content, which requires large files and high bandwidth demand. By
avoiding complex coordination overhead, it scales well in large networks, making it
efficient. Additionally, it lessens the signalling load as each node stores information

independently, eliminating the need for communication with others.

On the other hand, the Rand placement mechanism may lead to multiple nodes caching
the same video chunks, which results in inefficient use of cache space. Retrieval
latency increases due to the need to fetch content from distant nodes or the source.
Therefore, this higher latency leads to potential packet loss, which may force the
system to lower the video quality to maintain smooth playback, impacting the overall
service quality. Since VoD services involve a large amount of data, the chance of hitting
a cached copy under RAND can be lower compared to more optimised approaches.
This lower hit ratio can affect user experience due to slower content retrieval times.
Due to the randomness of the caching decisions, some nodes may end up serving a
disproportionate number of video requests, leading to uneven load distribution and

potential bottlenecks [176}161].
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RAND Non-coordinated cache placement in NDN for VoD services offers scalability,
simplicity, and fault tolerance but faces significant challenges in terms of cache
efficiency, load balancing, and content retrieval latency. While random caching
works well in highly dynamic or large networks, its lack of coordination can lead to
suboptimal caching for VoD services, where user experience and low-latency delivery
are critical. To improve performance, a coordinated mechanism that caches content on

the reverse path near the consumer may be necessary.

2.4.4 Probabilistic Cache (Prob)

It is generally considered an implicit coordinated caching mechanism in the context of
Named Data Networking (NDN) because the nodes in the network do not communicate
directly or explicitly with each other to make caching decisions. However, there is a
shared underlying mechanism that guides how content is cached across the network,
which creates a form of indirect or implicit coordination [[173, 16, [162]. This caching
mechanism copies the request’s content at every network node along the delivery
path from producer to consumer, with a specific probability P. However, when
the probability P equals 1, this mechanism begins to resemble the LCE mechanism
[35, 11614116, 1156]. To clarify, each network node will receive a copy of the content, as

illustrated in Figure [2.4]

Prob [58, [180] is a randomised version of LCE because they have similar operations
where every node can cache a copy of the requested content on the path from the hit
server or node to the requesting host. Note that a node in the middle of the network
does not cache a copy with probability 1-P; rather, it only keeps a local copy with
probability P. Therefore, a node caches content with a specific probability. We can
model this process of probability as a Bernoulli trial, which determines whether to
cache content at a node. The Bernoulli trial, often known as a random experiment, has

two outcomes: failure and success. A Bernoulli random variable accepts values of 0 or
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1 depending on whether the content is accessed or not, with a hit being a success and

a miss being a failure [181, 182, 106].

These Bernoulli trials affect key performance metrics such as caching efficiency, cost,
latency, availability, scalability, and robustness. By adjusting the probability p of
caching decisions, the network can find a balance between efficient cache utilisation,
low latency, and reduced network traffic while keeping storage and network costs
under control. Higher values enhance cache availability and reduce latency, albeit
at the expense of increased storage and potential resource overuse. Lower values
conserve cache space, but they can escalate cache misses and network traffic, resulting
in increased latency. By fine-tuning the caching probability, Prob ensures that caching
is both efficient and scalable, which is particularly important for handling the high-

demand, dynamic nature of VoD services.

Prob attempts to minimise redundancy between network caches. Therefore, the
probability of finding content along the path will be higher for subsequent requests.
However, it is more stable in distributed networks. The hop between the user’s router
and the publisher will be lower in Prob [117, [72]]. At the same time, hop is the
distance to the closest node that contains a copy of the content object [35]. This
leads to a short distance between the user and the server, low redundancy, and less
delivery time. This hop decrement diminishes because it often replaces contents at
nodes close to the user(s). This reduces network congestion and overall bandwidth
consumption. Nearby caches can retrieve content instead of repeatedly fetching it from

distant origins, particularly for popular videos in VoD services.

In the investigation of Psaras et al. [[16], duplication in caching is a dangerous problem
in localised and real-time data publishing in router caches. The researchers emphasised

that the Prob mechanism can reduce caching redundancy by about 20% on server hits.
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Approximately 8% of the total number of hops is required to access the cached data.
It can handle high packet loads on multiple platforms, process a variety of nodes, and
is stable in most network settings. Prob’s drawback is the potential for delay when the

packet elements do not align with the linked path [[16} 162, [72, [156]].

As a result, the Prob mechanism is efficient at decreasing network traffic redundancy
by a significant amount, which can lead to a reduction in delay time compared
to other placement mechanisms. While in the context of VoD services, Prob
implicitly coordinated cache placement offers simplicity and low overhead. For
better performance, more adaptive and explicitly coordinated caching mechanisms are

required to be proposed with better cache utilisation and less bandwidth.

2.4.5 Path Probabilistic Cache (PProb)

Prob is an implicit coordinated cache with one factor, while PProb is a more complex
implicit mechanism with two factors. It coordinates caching by changing caching
decisions based on how far away the nodes are from the origin server and how much
shared storage space they have along the path. This way, nodes behave in a coordinated
way without having to communicate with each other directly. In other words, the
probability of caching in a router is dependent on the hop distance between the router’s
shared storage capacity and the source server [[16]. It is crucial for content caching
to occur as close to their destination as possible, as this increases the probability of
maintaining some caching space at the network core for minimal content flows. This
mechanism efficiently utilises network resources, reducing redundancy in the cache
and therefore reducing network traffic, as shown in Figure[2.4] The optimal mechanism
initiates a cache miss when it receives a requested item. Upon requesting an item from
a specific packet again, the PProb patiently awaits the validation of the reference before
storing the requested item’s data in the cache or ending any processes [156, [161].

Hybrid caching offers much more efficient resource utilisation and higher cache hit
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ratios than non-coordinated caching mechanisms like Rand, where content is cached

randomly without considering path length or popularity.

As a result, this mechanism has the advantage of fewer missed opportunities when
requesting products. Additionally, it minimises the time required to request duplicate
items later. It supports multiple platforms, and the reference sequence for each node
is consistent with the packet. The downside of this mechanism is that it may require

more space to store things in order at various locations across the cache [[183].

However, by caching content based on the node’s position along the path, PProb
achieves better bandwidth efficiency, reduces latency, and optimises cache space
usage, making it particularly well-suited for the large-scale, high-demand nature of
VoD services. Implicit coordination guarantees a distributed yet effective content
cache, obviating the need for direct communication between nodes and enhancing the
scalability and efficiency of the mechanism. However, PProb may struggle to handle
highly dynamic content popularity patterns, whereas more adaptive, popularity-aware
mechanisms might outperform it. For highly dynamic and rapidly changing content
demands, such as trending videos, PProb may not cache popular content fast enough

at the optimal nodes.

With larger cache sizes, PProb effectively manages the packet queue based on the
node’s number and priority [[184} [170]. The researcher concludes that PProb is still
considered acceptable when the cache size is 10GB. However, processing multimedia
sources with larger cache sizes results in an increased delay [174]. Therefore, there
is still a need to investigate a new placement mechanism to deal with high cache
sizes, such as VoD. In some cases, explicitly coordinated caching mechanisms may
provide slightly better performance because of the cost of increased complexity and

communication overhead.
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2.4.6 Hybrid Caching (Cross)

Repeated content in the cache is one of the most serious caching mechanisms today. It
usually exists in cached data on many routers. Cross addresses the limitations of earlier
mechanisms like PProb and Prob by integrating multiple strategies, such as path- and
popularity-based caching, to create a more adaptive and efficient system. While PProb
and Prob rely heavily on path distance or probabilistic decisions, this process depends
on the content’s popularity and network architecture. The researchers emphasised that
a cross-layer scheme better minimises network traffic and increases the total cache hit
rate [100]. Thus, it is a powerful implicitly coordinated caching mechanism in NDN
that efficiently balances multiple factors, a function of the router’s betweenness and

the content popularity, to determine where the router caches an object [[72, 106, [185]].

The key benefit of this mechanism is its ability to configure the content store of
the router to have the same size for various routing technologies. This capability
is particularly advantageous in heterogeneous networks, where varying routing
technologies could otherwise lead to inefficiencies in caching and data delivery,
especially in VoD services. When receiving content from other nodes [185], Hybrid
Cache selects small data. As aresult, it has more delay, especially when the items have
a lot of memory [35,1186]. The Cross mechanism has high delay performance in cache

sizes of about 1GB, 10GB, 100GB, and 1T B [1774].

2.4.7 Centrality-based Mechanism

While Pprob and Cross lack explicit cache placement mechanisms, the centrality-based
caching mechanism is a highly efficient, explicitly coordinated caching strategy in
NDN that optimises video delivery for VoD services by placing content at strategically
important nodes based on their centrality in the network. A node with high degree

centrality in an NDN network has many direct links to other routers or nodes, making
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it more likely to handle multiple data requests.

In NDN, interdependence centrality can be understood in the context of an ego
network—the network made up of a node (ego) and its direct neighbours (alters). If
the node (ego) can only interact with the broader network through a small subset of
these neighbours (alters), its interdependence centrality is high. In other words, if
the node has many independent paths or connections that don’t rely on a few specific
neighbours, its interdependence centrality is low. In addition, the egocentric network
is the structure consisting of the ego node, its immediate neighbours (alters), and the

connections between these neighbours.

However, to increase cache efficiency and eliminate uncertainty about the effectiveness
of the oversimplified random caching mechanism, this node relies on centrality and
the concept of interdependence centrality (ego network) [159]. Ego-net, a software
program, gathers and analyses data from the egocentric social network. It assists
the user in collecting and analysing all social network data from an online resource.
It offers broad measurements of the whole network and data matrices that other
applications may utilise for additional analysis. The Ego-net is a consequence of links
that a particular Internet address sends and receives, and it is committed to gathering
information about them and making them accessible to users in a meaningful way

[185].

Regarding the topology, as depicted in Figure [2.6] Userl requests content from the
server at time ¢t = 0, as all cache stores are currently empty. The content is being
routed through:

CRy — CRy = CR3 — CRy
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From the server to Userl. This mechanism ensures that only one of these routers
caches the content. Assuming that User2 requests the same exact content, CR3 will
satisfy the request. We can verify the process using the betweenness centrality, which
shows that CR3 has the highest centrality value and the most content delivery paths
passing through it. The main system for managing the network probably figures out

each node’s betweenness centrality offline first, as shown in Figure [159].

By using centrality-based measures, the router with the largest value of betweenness
will keep a copy (Centrality) [72]. The results demonstrated that the centrality-
based mechanism could achieve a greater caching gain in real-time, regardless of the
topologies on the synthetic network. The research of Chai et al. [159] proposed
a centrality-based mechanism to improve cache performance and optimise server
and cache hit rates. Researchers discovered that centrality works badly in many
situations. The researchers hypothesise that the rigidly hierarchical structure of the
Chinese Internet selects a relatively small number of routers near the core with high

betweenness for caching [[72]].

Figure 2.6. The Operation of Centrality-Based Mechanism

In VoD services, the node with the highest betweenness centrality only caches packets
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or processed data once. This is the node with the fewest walkways. This approach
maximises the benefits of betweenness centrality while preserving the material inside
the node closest to the source. When used with dynamic systems, this mechanism
makes it challenging to grasp the node location depending on the betweenness
centrality in the ego network [[159]. Furthermore, the centrality mechanism performs
the worst in terms of delay performance when compared to LCD, LCE, Prob, PProb,
Rand, and Cross. The possibility of a content node drop arises when various content

delivery pathways link the network’s cache misses [174].

2.4.8 A Cache Placement Based on Compound Popularity Mechanism (CBCP)

It is an implicitly coordinated mechanism that is based on two factors: the popularity
of the content and the popularity of the node. By concurrently considering the
content popularity and the node popularity over time, CBCP increases the reuse
rate of data packets. Meanwhile, it can use a quick method to boost the content’s
popularity. According to a performance assessment in the Icarus simulator, the
suggested mechanism outperforms various current mechanisms regarding cache hit

ratio, start delay, and link load [67].

However, the findings demonstrate that the CBCP mechanism performs much better
regarding start latency, cache hit ratio, and link load than the other mechanisms (LCE,
LCD, ProbCache, and CL4M). Cache Less for More, also known as CL4M, is a

Centrality-based caching mechanism, as was previously discussed in Subsection [2.4.7]

The concept of (ego network) betweenness centrality eliminates the performance
uncertainty of the fundamental random caching approach and improves caching
gain. Employing the idea of (ego network) betweenness centrality eliminates the
performance uncertainty of the whole random caching approach, thereby accelerating

caching growth [159]. Using the tree topology as indicated in Figure the CBCP
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assessment achieves about 0.02 better than LCD in a cache hit ratio.

Figure 2.7. CBCP Evaluation [67]]

2.4.9 A Cache Placement Mechanism Based on Entropy Weighting Method and

TOPSIS (CBEWT)

CBCP only includes a cache placement mechanism and also requires a small amount
of communication overhead between nodes to obtain global data. Thus, CBEWT
is designed to make more reasonable use of limited cache resources and avoid the
communication overhead of obtaining global request information. Whereas CBEWT
operates as a form of coordinated caching mechanism, primarily through implicit
coordination between network nodes. The decision-making process is distributed
but follows coordinated rules based on the entropy-weighted criteria and the TOPSIS
ranking. CBEWT includes a cache placement mechanism and a cache replacement
mechanism. The entropy weighting approach and TOPSIS simulate the consumer’s
request process to choose the optimal cache node for the cache item based on the node’s
current state. To decrease cache redundancy on the delivery line and increase the use
of data packets in the nodes, it also includes two cache replacement mechanisms (an
active cache replacement mechanism and a passive cache replacement mechanism).

According to the various types of cache nodes, an efficient cache mechanism and data
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packet migration mechanism further enhance cache performance [138]].

The active cache replacement mechanism periodically clears redundant content items
from the transmission stream to lessen cache redundancy. In contrast, the passive
cache replacement mechanism intends to increase the node’s utilisation of data packets.
The findings demonstrate that CBEWT performs better regarding cache hit rate and
latency compared to the other five caching means—LCD, LCE, ProbCache, CL4M,
and CBCP. The link load performance of CBEWT is slightly less than that of the CBCP
mechanism [67]. This cache placement mechanism registered around 0.001 better
than the CBCP placement mechanism when o = 0.8, as seen in Figure 2.§] CBEWT
mechanism improves bandwidth efficiency, reduces latency, enhances load balancing,
and dynamically adjusts to changing network conditions. It is ideal for delivering high-
quality VoD services at scale. The implicit coordination between nodes ensures that
the system functions efficiently without the need for direct communication, further

supporting scalability and resource optimisation.

Figure 2.8. Evaluation of a Cache Placement Mechanism Based on Entropy
Weighting Method and TOPSIS [138]].
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2.4.10 Coordination Caching Placement for VoD in NDN

The surge in VoD consumption, driven by user demands for low-latency, high-quality
streaming, presents a unique challenge to network infrastructures. In NDN, which
focuses on content-based communication rather than host-based routing, in-network

caching emerges as a key enabler for efficient VoD delivery.

However, the mere existence of caches is insufficient. To meet VoD’s stringent
requirements—such as high Quality of Experience (QoE), minimal startup delays,
and efficient bandwidth utilisation—there must be intelligent coordination of cache
placement. This chapter critically evaluates existing cache placement strategies to
introduce the novel explicit cooperative caching placement mechanism as a robust
solution tailored to VoD demands because cooperative caching achieves efficient
content distribution, reduces latency, and enhances the user viewing experience
in bandwidth-intensive applications [187, 188, [189]. Furthermore, it ensures the
maintenance of high-quality video streaming experiences [[190]. The cooperated
caching placement significantly reduces latency and buffering, thereby enhancing the
QoE for end-users [189]. This approach improves cache hit rates and content retrieval

speeds [191]).

VoD-Specific Requirements in NDN: VoD content has unique characteristics, which
are: large file sizes of HD/4K videos that consume significant cache space, content
demand spikes unpredictably, content must be fetched in ordered chunks for smooth
playback, and QoE sensitivity. Users are intolerant of delays, buffering, or resolution
drops.  Consequently, coordinated caching mechanisms must address content
popularity dynamics, user behaviour, network topology, and resource constraints in

an integrated manner.

Despite innovations, current mechanisms often fall short on key VoD requirements.
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Table 2.1

Coordination Caching Placement for VoD in NDN

Caching Coordination Strengths limitations Suitable for VoD
Placement Type
Mechanism
LCE None High initial Excessive redundancy, Too naive for VoD, leads
[170] coordinated availability, poor cache diversity. to cache pollution and
simple inefficient memory use.
LCD Implicit Reduces Passive and Not suited to the fluid
[163] coordinated duplication, path-dependent, lacks demands of VoD traffic.
improves popularity awareness or
distribution temporal adaptation.
comparing to
LCE.
RAND Non_coordinated| Minimal Unreliable, no content Inefficient and
[156]] overhead. awareness. unstructured, incompatible
Poor hit ratios, especially with VoD requirements.
for VoD.
Prob Implicit Simple, less Random placement leads Prob reduces waste, but
[173] coordinated redundancy. to cache inefficiency. lack of content sensitivity
Ignores content demand limits VoD efficiency.
patterns
PProb Implicit improves basic Falls short in addressing Improves over Prob, but
(16l coordinated caching the temporal, behavioral, doesn’t handle trend shifts
efficiency of and quality-driven well. It lacks coordination
Prob. complexities of VoD needed for modern
traffic in NDN. streaming applications.
Cross Implicit Content-aware, Complex to deploy, heavy | Strong potential for VoD,
[1O0] coordinated supports user communication overhead. but may be too heavy for
behavior dynamic, large-scale
modeling. deployment.
Centrality | Explicitly Optimizes Ignores dynamic user Works well for generic
[159]] coordinated content reach. demands, central nodes content distribution, but
can become congestion not responsive enough for
hotspots. VoD traffic variability.
CBCP Implicit Reduces Lacks predictive Better coordination, but
671 coordinated redundancy; modeling, does not lacks fine-grained VoD
enhances content | integrate viewer behavior analysis.
reachability. engagement metrics.
CBEWT Implicit Adapts to Can be sensitive to Promising for adaptive
[138]] coordinated content demand parameter tuning. caching, but too reactive

over time.

Reactive, not predictive.

and parameter-sensitive

for VoD.
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However, most predictive intelligence systems are reactive and do not anticipate
content spikes. QoE-Centric Design User experience metrics like delay and buffering
are underused. Fine-Grained Viewership Modelling Engagement metrics (watch
time, skip rate) are rarely considered. Cross-Node Coordination. Many schemes
are node-local or weakly coordinated. These schemes often lack scalability and
adaptability. Existing mechanisms struggle to scale in dynamic networks. The
new proposed mechanism aims to address these critical shortcomings. It combines
predictive analytics and coordinated caching to deliver VoD content efficiently
and responsively. As VoD becomes the dominant form of content consumption,
coordinated cache placement mechanisms must evolve to meet its complex and
dynamic demands. Existing mechanisms offer useful foundations, but they fall
short of predictive capabilities, user-centric modelling, and coordinated caching
strategies. New cooperative caching placement addresses these gaps by unifying
predictive analytics, behavioural modelling, and internode coordination to deliver a
QoE-optimised, scalable, and intelligent caching framework for VoD in NDN. Its
introduction marks a step toward a next-generation content delivery infrastructure,

where user behaviour drives the network, not the other way around.

In NDN during VoD services, caching mechanisms play a crucial role in efficiently
storing and retrieving content. Coordination refers to the degree of synchronisation
or collaboration between nodes when placing content in the cache. Each caching
mechanism exhibits different levels of coordination, which significantly impacts
performance metrics such as bandwidth utilisation, latency, cache efficiency, and

scalability.

For VoD services, where high demand and dynamic content popularity are common,
mechanisms with explicit or implicit coordination offer the best balance between

scalability, performance, and resource utilisation.
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2.5 Comparison of Caching Placement Mechanisms

The Table compares the mechanisms above as a short way to analyse and
discuss the details of these mechanisms, how they work, and their advantages
and disadvantages. This comparison is based on various aspects: stability, delay,
the process of multiple nodes, feasibility in multi-platforms, advantages, and the
complexity of each mechanism. Prob exhibits the highest level of stability, while Cross
also demonstrates stability. Rand is highly stable in peer-to-peer network activities.
Most network settings indicate that PProb is stable, whereas LCD can be considered
stable. LCE only exhibits stability when processing packets in a single order. Finally,
Centrality is not stable in most networks because it may become a bottleneck and lose
data packets. Generally, the mechanism becomes simpler and more stable when it

relies on fewer factors. While it is complex, it is not stable.

The table indicates that mechanisms like Cross and Centrality experience significant
delays as the size of the data content increases. For instance, videos, which represent
the large-size data, can contribute to delays. Specifically, LCD may experience delays
when it fetches packets from third-party networks. Whereas third-party networks
refer to these networks that are typically managed, owned, or operated by an external
entity (the third party) and are distinct from the organisation’s own IT systems or
networks, such as Content-Centric Networks (CCN), companies like Amazon Web
Services (AWS), and payment processing services like PayPal. Similarly, the Rand
placement mechanism experiences delays due to multi-layer packet processing. Prob
mechanisms, on the other hand, face delays because of inconsistent data processing.
Each of these placement mechanisms provides various levels of delay performance

based on the different reasons for the delay.
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Table 2.2

Summary Comparison of Caching Placement Mechanisms

Aspect o Process Feasibility in
1 Stability Delay ) ) Advantage
Mechanism Multiple Node Multi-Platforms
LCE Stable when Getting delayed Able to process Low feasibility Perfect selection
requesting a when requesting | multiple nodes when processing for flash flood
single packet | froma within the same | packets on multiple | incidents
third-party network platforms
network
LCD Stable in Delay may occur | Able to process Partly able to Works better
most network | by increasing multiple process packets in under workloads
scenarios cache size Ethernet nodes various platforms and
interconnection
Rand Highly stable | Some delays are | Unable to Get problems when | Good when
ina due to process multiple | processing packets identifying the
peer-to-peer multi-layer nodes to get the | on different individual
network processing nodes | original packet platforms resources
Prob Most stable Delay may result | Capable of Deal with the high Small hop
in distributed | when processing | processing packet loads on distance, low
networks inconsistent data | multiple nodes multiple platform redundancy, and
less delivery
time
PProb Stable in Delay can occur Allow multiple Support multiple Reduces the
most network | when processing | nodes to be platforms with a number of miss
settings multimedia stored constant packet for | occurs when
sources each node’s items are
reference sequence | requested
Cross Stable in a More delay Support Have specific An equal cache
distributed when the items Multiple nodes difficulties sizes of available
network have a large checking the variety routing
memory nodes’ references methods
Centrality | Not stable in A certain delay Support Support a variety Keeping the
most amount when multiple nodes of platforms material in the
networks cache size node nearer the
increases source

The LCE has the capability to process multiple nodes within the same network. The

LCD is capable of processing multiple nodes over the Ethernet. The Cross, Centrality,

Prob, and PProb mechanisms support the multiple nodes. At the same time, Rand

cannot process multiple nodes when the reference is given to the original packet. On

the other hand, the feasibility of LCE is limited when it comes to processing packets
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across multiple platforms. In contrast, the LCD’s feasibility is partially compatible.
Centrality supports multiple platforms, whereas PProb supports multiple platforms,
and the reference sequence for each node is consistent with the packet. Rand and

Cross may encounter certain challenges when operating on multiple platforms.

Finally, the Prob placement mechanism provides the best advantages because it
provides a short distance between the user and server, low redundancy, and less
delivery time. Simultaneously, the other placement method offers a distinct advantage.
In other words, LCE is an excellent selection for flash flood incidents. LCD works
better with interconnection topologies and multiple workloads. The Rand mechanism
has the advantage of supporting many platforms and identifying the order of individual
resources along a network path. PProb reduces the frequency of misses during item
requests. For several routing systems, it is possible to have cross-cache banks of the
same size. The benefit of Centrality is the ability to store content inside a node closer

to the source.

2.6 Summary

This work presents and explains the general architecture of NDN, with the previous
and current works in NDN and cache placement mechanisms. In addition, the
contemporary mechanisms in NDN, dealing with the stream of videos during the
consumer’s requests, are reviewed. The recent cache placement mechanisms are
debated, such as LCE, LCD, Rand, Prob, PProb, Cross, Centrality, CBCP, and
CBEWT. Thus, the NDN needs to be improved by finding the features of the nine
cache placement mechanisms in terms of delay time and by discussing them based
on stability, processing multiple nodes, multi-platform feasibility, and complexity.
Furthermore, the main advantage of these mechanisms is elaborated, with the finding

that the Probabilistic placement mechanism is the best in delivery time. By combining
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the analysis of earlier studies in NDN, VoD, and QoS, the proposed mechanism would
positively impact Internet video viewers and publishers, considerably developing

academic learning.

NDN is classified into three main aspects. The first is the NDN system architecture,
which comprises PIT, FIB, and CS. The second aspect is NDN applications, which
cover several fields and areas. Although the application area that this proposal focuses
on is VoD, as explained. The third major aspect deals with NDN system services.
These system services include Routing, Forwarding, Security issues, Mobility, and
Caching. Note that caching has two types of mechanisms: the placement caching
mechanism and the replacement caching mechanism. These mechanisms are based
on various concepts to produce numerous other mechanisms. However, this proposal
adopts a caching Placement mechanism based on the Path Explicit Coordination
scheme and a dynamic partitioning scheme to introduce a new caching mechanism
in NDN using VoD. In addition, this proposal will enhance the forwarding mechanism,
which can achieve less delay in performance and enhance the QoS, which supports
QoE and multiple environmental conditions. At the same time, the major aim of the
dynamic partitioning scheme is to minimise the cache miss probability and ensure

fairness across various NDN traffic. It is best suited for video, especially VoD.
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CHAPTER THREE
RESEARCH METHODOLOGY

The methodology used to devise the proposed Named Data Networks (NDN) caching
coordination placement mechanism for partitioned VoD is comprehensively detailed in
this chapter. Accordingly, it can be inferred that the goal is to outline the mechanisms
employed in carrying out the study and show how they might effectively achieve the
study’s goals. The aim of this research is to design and evaluate a new coordinated
caching placement mechanism for partitioned VoD in NDN. Therefore, the main goals
of validation, verification, and performance assessment of the new placement caching
mechanism are covered in this chapter. Accomplishing this task requires adopting a
particular methodology, so the research adopts the Question-Step-Objective Diagram

(QSOD) by outlining each stage of the approach in detail.

To achieve the aforementioned aim of this chapter, several sections have been outlined.
A detail of the research operation framework is presented in Section [3.1] to outline
the research steps and the options of research methodology available. Then Section
[3.2] will cover how to actualise the conceptual model, current study stages, and the
proposed mechanism design. The next Section [3.3]is for verification and validation
modules. The Section [3.4{of evaluation by achieving the simulation construction until
arriving at the confidence level of simulation results. Ultilising certain well-known
NDN measurements, like average hit ratio, average End-to-End Delay (E2EDelay),
server load reduction, and overall network footprint reduction, the new caching
placement mechanism employing VoD in NDN will be tested. Finally, a summary

of this chapter can be found in Section[3.5]
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3.1 Research Operational Framework

Defining the research problem is crucial to justify conducting the study. This problem
determines the research subject and its aims and objectives. It also indicates the type of
data needed for investigating the arising issues and the suitable type of analysis capable
of enabling the researcher to arrive at conclusions which answer the research questions.
Irrespective of the differences in research projects, in terms of subject matters, size
or complexity, the process described is followed for practically all research projects.
Research differs in that some projects create new knowledge, while others test and

refine existing knowledge [[192]:

A framework will be developed for the actual research motivation based on the answers
to the research questions. Although the answers to these questions aren’t easily
obtained, this chapter delves into what’s needed to provide suitable responses. This
will be described in the form of a sequence of steps, which is more organised in
comparison to the series of tasks that take place in reality. As more knowledge is
gained during the research, it is important to present a diagram suitable to describe the
major steps involved in the various phases and stages of the research work, and this is
useful for planning out a work programme in the form of a timetable. The progress of
the research work can be monitored through a comparison of the present stage of work

with the steps in the process.

In the work of Birks et al. [193]], it was stated that the research framework might also
be thought of as the mechanism or layout that directs data collecting and processing.
Researchers have emphasised that the research framework guides and structures the
evidence compilation process. It also reflects guidelines set for the study’s scope
[193,1194]. Salter et al. [[195] likewise stated that the primary reason why a research

framework is required is to guarantee the collected evidence or information that is
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required for the researcher to provide answers to the defined research question(s).

Previous studies have confirmed that the research framework has several stages
representing all of the study’s activities. In contrast, every phase includes several
stages. This study has three phases of specific activities to provide the anticipated
results after the tasks and activities, as illustrated in Figure [3.1] Each phase contains
one question of this research, its objective, and the steps that must be performed to

achieve this objective.

To achieve the research objective, the researcher needs to take certain actions [[196, 68|
The figure shows these research-related steps[3.1] To meet the research goals, the steps
have been divided into three phases. The first phase is to fulfil the first objective
for the second and third objectives. Therefore, the following research steps were
achieved based on the questions to satisfy the objectives of this research by proposing
a new placement mechanism to enhance Quality of Service (QoS), especially the VoD

services during NDN.

Phase One: This phase involves many steps, and these steps are summarised as

follows:

1. Background of study: To perform an in-depth study that relates to the
comprehensive literature analysis, leading to the definition of the research
problems within the context of coordinated caching placement for partitioned
VoD in NDN. This step underscores the challenges faced by the NDN caching
placement mechanisms, especially in VoD environments. It offers essential
background details and outlines the research’s broader context.

2. Literature review: To analyse prior experimental research on NDN cache
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mechanisms specifically for partitioned VoD, identifying the causes for
performance lags. The literature pertinent to this research’s theme of coordinated
caching placement for partitioned VoD in NDN is thoroughly and critically
scrutinized.

3. Empirical analyzes of placement mechanisms: To execute an empirical
evaluation to analyse and evaluate extensively the features of the famous
placement mechanisms, which include LCE, LCD, Cross, Prob, PProb,
Centrality, and Rand mechanisms. Similarly, using important performance
indicators, determine the regions that should be improved or deleted for NDN
cache placement mechanisms during VoD workloads: average hit ratio, average
E2EDelay, total reduction in the network footprint, and server load reduction.
After learning about potential improvements to the fundamental mechanisms,
this stage produces a list of future enhancements to the original placement
mechanisms in NDN during VoD. This step is achieved by executing the

following:

a) Implementing the seven placement mechanisms utilised in VoD workloads
to determine the findings from the performance metrics as were previously
mentioned by using Network Simulator ndnSIM?2.0.

b) Evaluation and analysis of the obtained results using experimental work
and the parameters of video quality information, then comparing the results

of these mechanisms and writing the report.

Phase Two (New Design of Caching Placement Mechanism): Designing a novel
caching placement mechanism termed "Coordination Placement by Video
Partitioning (CPVP)" for use in NDN with VoD services. The design
process encompasses the establishment of design requirements, specifications,

justifications, and objectives for the new mechanism. The goal is to reduce the
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average E2EDelay and to enhance the average cache hit ratio, thereby achieving
a significant reduction in network footprint and server load.

Phase Three: This is the pivotal phase of this proposal, concentrating on
the implementation, validation, verification, and evaluation of the CPVP
mechanism. The subsequent decision to refine or retain the new mechanism

will hinge on the outcomes of this phase, which entails:

1. Implementing, validating, and verifying the design of the new mechanisms.
The mechanism is set to be executed using the network simulator ndnSIM 2.0.
Subsequent to this implementation, the design experiments will be established,
with parameters chosen judiciously.

2. Conducting experiments across diverse scenarios. The outcomes from this phase
will yield a dataset for performance assessment.

3. Undertaking a performance evaluation of the new mechanisms. This crucial step
allows researchers to consider various design alternatives and pinpoint the most

efficacious mechanism [|196, [197].

For Figure the thesis goes into great detail on each of the phases above. While the
second step is thoroughly covered in Chapter 2, the first step has been expounded on
in Chapter 1. The third step is completed in Chapter 4, while the fourth step of the
new mechanism design stages and putting the new mechanism into use are explored in
Chapter S. Finally, in Chapter 6, an explanation of how the experiments, design, and
findings were verified and validated. This section includes a description of the metrics
used to assess the performance of the new tool and the particulars of the experiment

setup.
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3.2 The Proposed Conceptual Model of Coordination Placement of Video

Partitioning mechanism (CPVP)

The NDN packet, which carries the request of the user for the desired content, is
known as an ’interest’, while the chunk having the desired content is known as a ’data
chunk’ [82, [83]]. Despite the advanced caching mechanisms in NDN, inefficiencies
persist in managing VoD traffic, particularly under high workload conditions. This
study addresses these challenges by emphasising the need for coordinated caching
algorithms that can efficiently handle simultaneous video requests while minimising
average E2EDelay and server load. In the conceptual model, a module is proposed
which is designed to support QoS by improving VoD services in NDN by minimising
the delay performance in the network, as shown in Figure by cooperating all the
components cooperate, collectively achieving the goals of reduced latency, improved

cache efficiency, and enhanced scalability.

Figure 3.2. Conceptual Model of Coordination Placement of Video Partitioning
Mechanism (CPVP)

This proposal discusses the design of a new cache placement mechanism called
Coordination Placement of Video Partitioning Mechanism (CPVP). This mechanism

caches the video after dividing it into three blocks dynamically. Each block is cached

79



on the edge router and its two neighbouring routers. This mechanism is based on
explicit coordination on-path caching in NDN. It avoids congestion in network traffic
by minimising repetition and caching content closest to the users. This mechanism is
proposed to cache the chunks on the edge router and its two neighbour routers for a
reduction in user-perceived delay, and a cache pipeline is progressively built on the
path between the content origin server and the user. CPVP is achieved by combining
three new schemes, which are VAS to deal with content retrieval efficiency, VCDS to

optimise caching decisions, and VPS to enhance dynamic partitioning as follows:

1. Video Aggregation Scheme (VAS): It is designed to fetch the requested video
content and find the distance from the consumer to the source. This video is
found as a whole video on the server only. If the found video is only one block,
then it needs to collect the other two blocks from the neighbouring routers.

2. Video Cache Decision Scheme (VCDS): This scheme is designed to decide
whether to cache or not based on the location of the arrived router.

3. Video Partitioning Scheme (VPS): It is designed to partition the requested
video into three blocks if the VCDS scheme is decided to cache. While the
decision in the VCDS scheme is not cached, the data is backwards to the

consumer.

Each of these schemes will be clarified more in Chapter 5. This research introduces a
placement mechanism that does not rely on content popularity for caching decisions.
The conventional approach of content popularity-based caching records and ranks
content based on the number of historical requests it has received. Over time,
cooperative cache placement can become inefficient, especially for video applications
(187,188, 1189, 190]. The primary reason is that popularity-based mechanisms tend to

allocate memory for content deemed popular, which might not always result in efficient
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cache utilisation. Consider an extreme scenario where the same video file is requested
by multiple users simultaneously. The chunks of that video, which were previously
requested frequently, would be labelled as popular and thus would be cached for
extended periods. This can lead to suboptimal cache use, resulting in increased delays
in the network when newer, potentially more relevant, content is sought by users. Thus,
popular content leads to the problem of an occupied cache, especially with large-scale

content such as VoD.

The proposed placement mechanism, CPVP, addresses these challenges and offers a
more efficient caching strategy, especially for video content. CPVP can dynamically
partition videos and reduce network traffic by comparing with existing solutions like
LCE, non-cooperative placement caching, and LCD, Prob, as implicit cooperative
placement caching, while CPVP is considered as explicit cooperative caching. A

detailed explanation of CPVP will be provided in Chapter 5.

3.3 Verification and Validation Model

All relevant execution phases’ verification and validation methods are implemented to
ensure the execution is accurate. Ensure that the operational model accurately reflects
the conceptual model and involves evaluating the simulation program [196, 68],
Ghazali claims this is done to offer insightful responses to the questions under
investigation [[197]. Verification is regarded as the authentication that the numerical
mechanisms actualised in a code can replace the original conceptual mechanism
effectively, while validation is the affirmation that the code can give a precision
forecast compared to the broadly recognised and substantial experimental information
[198,[199]. This implies that verification of a model assesses the accuracy of changing
the representation of a model from a pseudocode or flowchart form into a program

executable on a computer [200, 201]]. All mechanisms (models) must be validated to
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ensure they have been correctly coded and are free of faults or flaws [202]. The CPVP
mechanism has been verified. In Chapter 5, the specifics of the verification procedures

are covered.

Models and simulations are commonly used to assist in the activities involved in
Validation and Verification (V&V) through the life cycle of the system. V&V for any
model ought to be done for every model use because the model may have the challenge
of being valid for a certain class of conditions and invalid otherwise [203]. Verification
of the model guarantees that the conceptual model is accurately programmed and
its execution is reasonably stable [204]. The two renowned verification methods are

checking the model and proving the theorem [205, 206].

The major processes for validating and verifying this research are shown in Figure
3.3l NdnSIM2.0, the network model, was first generated, after which the parameters
and individual statistics were established. The seven mechanisms of caching placement
will have their cache hit rates examined to validate the ndnSIM simulator. They include

the LCE, LCD, Prob, Pprob, Cross, Rand, and Centrality mechanisms.
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Figure 3.3. Main Steps for Validation and Verification

3.4 Evaluation

The performance evaluation of this research is achieved by adopting three possible
conventional approaches [207, 208, 209], which include analytical modelling,
simulation, and measurement. Selecting an evaluation approach is an important step
in all performance evaluation projects [210]. Table [3.1] discusses the advantages and
disadvantages of the performance evaluation methods that are mentioned in [211]. A

set of equations developed using mathematical symbolism to represent how well a real
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Table 3.1
Comparison of Performance Evaluation Mechanisms

Criteria Analytical modeling Simulation Measurement
Time required Low Medium High
Accuracy Low Moderate High
Tools Analysts Computer languages Instrumentation
Trade-off evaluation Easy Moderate Difficult
Cost Small Medium High

system operates is known as analytical modelling (mathematical modelling) [207].
Computer programming, which analyses operations utilising functional relationships
in the system, can be used to examine mathematical models [211]. Performance
evaluation based on measurement can be put into practice using test beds or by
performing a real network, despite analytical modelling being saddled with the
drawback of low accuracy compared to other performance evaluation methodologies.
Similar to the previous method, this one is ideal due to its ability to deliver accurate
findings. Still, it needs to catch up in terms of cost due to the particular kinds of
equipment needed [212]. According to [213],it is very clear that the simulation
would be the most desired approach for performance evaluation rather than analytical
modelling and measurement, as shown in Table @ Therefore, this research adopts

the simulation approach as discussed in Subsection

The evaluation approach requires evaluation criteria and performance metrics [214]
discussed in [3.4.2.2] While Pentikousis et al. emphasised that, since ICN is still
an emerging area, the community is still in the process of developing effective
evaluation environments, including simulators, emulators, and testbeds [[18]. Figure
3.4 exemplifies the three mechanisms mentioned above for assessing a communication
network’s performance [207]. In-network caching is a major characteristic of ICN,
although there are still some issues that exist in NDN caching, such as how to place
content replicas within cache nodes for maximisation of the cache system benefits

without the introduction of excessive overhead. The enriched performance evaluation
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is achieved by adding more practical topologies (see Subsection [3.4.1.3) to discover

notable findings through in-depth analysis and comparison [215} 26]].

Figure 3.4. Performance Evaluation Approaches

3.4.1 Simulation Construction

Figure [3.5] illustrates the steps of the simulation structure of our research (the details
are in Chapters 4 and 6). This structure contains seven steps, which are explained

briefly as shown in the figure:

Figure 3.5. Simulation Construction

1. Define Experimental Objectives: In this step, the research objectives are planned
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into a set of simulation experiments to achieve the system’s evaluated goals and
objectives, in addition to explicitly stating the evaluation criteria. The goal of
this thesis is to implement and evaluate multiple caching placements in NDN
during VoD services to get the required functionality. This requirement is used to
design a novel caching placement mechanism termed "Coordination Placement
by Video Partitioning (CPVP)" for use in NDN with VoD services.

. Define Simulation Models and Environment: This step produces the analysis
of the problem to be outlined and assigns a simulation model as in Subsection

3.4.1.1L The scenario, topology, and setting of simulation parameters are

described in Subsections[3.4.1.2] [3.4.1.3|and [3.4.1.7] respectively, in this chapter.

These parameters are required to design a novel caching placement mechanism,
CPVP, for use in NDN with VoD services.

. Define Performance Metrics: In this step, the performance metrics of the
simulation are explained in detail. In this proposal, several performance metrics
(such as the average hit ratio, the average E2EDelay time, total reduction in the
network footprint, and server load reduction) are utilised. These metrics are
explained in subsection [3.4.2.2] while a more detailed elaboration will be given
in Chapters 4 and 6.

. Run Simulation: The performance metrics, the simulation model, and the
environment (topology, scenarios, and configuration) are gathered using network
simulator (ndnSIM2.0) input scripts and run. This step is called a simulation
phase. For our experiments in this research (Chapters 4 and 6), each simulation
is run ten times to get the averaged results, quoted with error bars for confidence
intervals of 95%.

. Process the Output Data: The output data from the simulation phase will be
analysed. This step is called the Post Simulation Process.

. Analyse Results & Interpret Data: This phase involves the analysis of results,

which were acquired from the simulation. It debates, evaluates and explains the
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obtained results. This phase is called Results Analysis and Data Interpretation.
7. Present Results & Analyses: Presenting and elaborating the results from the

simulation are required in this phase. This phase is crucial because it deals with

the final achievement of the performance evaluation, which is the presentation

of the results to give an insight into the system.

3.4.1.1 Simulation Model

The simulation approach is widely used in science, such as in engineering fields and
computer science. Simulation refers to designing a virtual framework that simulates an
actual one in real life [216),217]]. The fundamental concept of the NDN communication
paradigm from IP principles needs an in-depth evaluation through experimentation,
and simulation is an adequate approach to implement the testing at scale. The

simulators that support the NDN environment are:

1. NS3: The open-source simulation that supports the NDN, whereas the address
location of the NS3 code is (http://www.nsnam.org/ns-3-22/) [218]].

2. ndnSIM: The first version of ndnSIM (NDN simulator) was introduced in June
2012 as an open-source NS3-based NDN simulator, and since that time, ndnSIM
has evolved substantially, leading to the introduction of ndnSIM 2.0 [213]].

3. ndnSIM2.0: The updated simulator of ndnSIM, whose first version was released

in January 2015 [219, 220].

The goal of ndnSIM 2.0 is to match the simulation platform to up-to-date
advancements in NDN research. For this reason, it adopts the use of the ndn-cxx
library (NDN C++ library with eXperimental eXtensions) and the NDN Forwarding
Daemon (NFD) to allow experiments with real code within a simulation environment
[213]].
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Figure 3.6. Structural Diagram of the ndnSIM2.0 Design Components [213]]

Therefore, to simulate NDN, ndnSIM2.0 based on NS-3 will be best utilised, and
Figure [3.6] shows the entire architecture of ndnSIM2.0. As shown below, the NFD
module at the bottom of the architecture implements forwarding management, where
PIT, FIB and CS data structures all belong to NFD. The ndnSIM2.0 core module
initiates the implementation of the NDN protocol stacks, and the packet format of
the ndnSIM2.0 protocol follows the ndn:L3Protocol specification [213, 221]. This
new protocol is supported by every device in the simulation environment. The
upper layer module is an application layer to the application code written in the
ndn-cxx library [222]. These libraries are utilised for writing different applications
for simulating the consumer-producer environment. ndnSIM2.0 also supports all
NS-3-based functionality, and the cache replacement policies are also inherited in

ndnSIM2.0. The simulator provides detailed packet tracing and manipulation-related
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libraries, whose use can investigate traffic analysis, delay and performance analysis

[223].

Given the nascent stage of NDN and the absence of a full-fledged implementation,
choosing simulation as an evaluation instrument is both logical and fitting. Simulations
provide a controlled environment where different parameters can be finely tuned and
studied. In this environment, we can observe the mechanism’s behaviour without the

complexities and uncertainties inherent in live networks.

Although test beds provide a tangible platform for evaluation, creating a representative
test bed for a system such as NON presents significant challenges. Ensuring that such
an environment is scalable and reflects real-world conditions can be demanding in
terms of resources and technical feasibility. Furthermore, gauging the performance of
a mechanism within a test bed, especially for an emerging technology like NDN, might

introduce variables that are difficult to control or account for.

The primary objective of this research is to understand the performance of the
mechanism under consideration. Simulation stands out as a more straightforward
tool for achieving this objective. Using simulation, researchers can zoom in on the
mechanism itself, effectively isolating it from extraneous variables that might be
present in a more physical setup, such as a test bed. This approach ensures a more

precision representation of its performance characteristics.

Given the current state of NDN and the complexities of establishing a representative

test bed, the decision to use simulation as the main evaluation tool is both wise and

appropriate for the research’s scope.
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3.4.1.2 Simulation Scenario

We will model the proposed work using the open-source, NS-3-based NDN simulator
ndnSIM2.0, which became available in January 2015. We choose the LRU mechanism
for replacement because it yields the best results, as reported in [224, 225 226].
The Basic NDN Forwarding mechanism is used. Also, the evaluation will use four
topologies: Tree, Abilene, GEANT, and Deutsche Telekom (DT), with each result

obtained by averaging over ten simulation runs.

In this study, we have Chapter 4, and Chapter 6 is for evaluation. In Chapter 4,
we compare the seven caching placements with each other. In Chapter 6, we use
ndnSIM 2.0 in our simulations to test the new placement caching mechanisms, which
are Coordinated Placement Video Partitioning (CPVP). We have selected LCE, LCD,
and Prob as the current placement mechanisms for comparison with them. Whereas
LCE is non-cooperated placement caching and (LCD, Prob) is implicit cooperated
placement caching, CPVP is considered explicit cooperated caching. This will let us

see how it works in comparison to other methods.

3.4.1.3 Network Topology

We can characterise the topological structure of a network, known as network topology
(2277, 228]], either logically or physically. The graphical application theory [229]
models communicating devices as nodes and the connections between them as links
or lines. Chapter 2 evaluated the effectiveness of NDN caching mechanisms using
various topologies. The 6-level binary tree with 127 nodes is the subject of Psaras et
al.’s [16] analysis. The root node manages all requests, while the ISP’s last two layers
fulfil all of them. Li et al. [230] used a 4-level tree architecture, with each router’s total
content storage size varying from 10% to 50% of the overall content. Chai et al. [159]

used a 4- to 6-level k-ary tree, with each node containing 2 to 5 offspring. Rossi et al.
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[231] use five topologies: Abilene, Level 3, Tiger, DTelekom, and GEANT. Cho et al.
[232] use the ISP-level topology of 1 transit domain and 5 stub domains. There are 5
routers in the transit domain and 10 in each stub domain. Additionally, 10 servers in
the architecture handle requests from 1,000 connected users. Bernardini et al. [233]]

employed four ISP-level topologies: DTelekom, GEANT, Tiger, and Abilene.

However, there is no widespread agreement on the optimal topology for a fair
evaluation of caching mechanisms. Because topology directly affects the outcomes
of simulations, it is a crucial topic [231]. Thus, we evaluate the CPVP mechanism
using four topologies: Tree [234, 235], Abilene Network Topologies [236], GEANT
[237], and DTelekom [238]. To ensure fairness in the results, we equalise the number
of routers for each topology to 127, add a single server, and limit the requests to the
last two neighbour edges. However, the tree topology employs a 6-level binary system,
comprising a total of 127 nodes. The root node represents the server node, and the
requests come from the last two levels of the tree, assuming that individual users are
not connected to backbone network routers; we note, however, that results are similar

in the case of users attached to all routers.

1. Tree Network Topology

The Tree network topology is a network structure which takes the form of a multipoint
electrical circuit, with multiple branches of the central trunk, or root, bus. The tree
network topology is a variation of the bus topology, being a hybrid network topology
in which star networks are interconnected via bus networks, with the provision of just
a single path between any two nodes. Tree networks are hierarchical, and each node
has the ability to possess an arbitrary number of child nodes [239]. The works of

(239,157,240, 241] show the application of this network topology.

91



2. Abilene Network Topology

It has an impact on almost every significant innovation that defines our modern digital
lives while continuing to define “what’s next”. It is also called Internet2. Internet2
controls the largest growing coast-to-coast research and education community that was
built to deliver advanced, customised services which can be accessed and secured with
the aid of the community-developed trust and identity framework. Internet2 services
cut across all sectors of the nation, including 331 US universities, 60 corporations of
government, and 43 regional and state education networks, through which support is
provided for over 94,000 community anchor institutions, more than 900 incoming
participants, 65 major companies working with the community, and 61 national
research and education network partners that constitute more than a hundred nations

[242].

Abilene is an advanced network, which was built by and for the education and research
community, with the Internet2 network offering 100GB Ethernet technology on its
entire footprint. By providing uninhibited performance on a profoundly programmable
platform, the Internet2 network propels forward education and research. The network
further provides transparent operations with continuous evaluation and optimisation
by the community to satisfy the unique evolving needs of high-speed collaboration
and research [242]. These research [243, 244, 245| 246, 2477|] are examples of studies

adopting this topology.

3. GEANT Network Topology

The GEANT network topology interconnects Europe’s National Research & Education
Networks (NRENSs), providing research data communication across the continent.
The network is a Pan-European communications infrastructure with commendable
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features of being the fastest and most reliable to serve Europe’s education and research
community. Being co-funded by European NRENs and the EC, the GEANT network
project (coined GN3) is advancing into its third generation, together with associated
development activities. The major objective of GEANT is the delivery of real value
and advantage to society through the enabling of research bodies across Europe and
the world at large to transform the approach of collaboration on groundbreaking
research [248].GEANT network topology has been utilised and discussed by various

researchers [249, 106, 57, 160, 250]].

4. Deutsche Telekom Topology

Deutsche Telekom (DT), which by revenue, has hitched the title of being the largest
telecommunications provider in Europe is a German telecommunications company
formed in 1996 with its headquarters situated in Bonn. As of July 2018, the German
government holds a 14.5% stake in company stock directly, and another 17.4% through
the government bank KfW [238]]. The company is also a component of the Euro Stoxx

50 stock market index [251]].

Deutsche Telekom Stiftung was established in 2003 to strengthen Germany’s position
as the leader in education, research, and technology. With 150 million euros of
capital, it ranks as one of the country’s major corporate foundations. It is dedicated
to improving education in the fields of Science, Technology, Engineering, and
Mathematics (STEM), as well as in digital teaching and learning. The foundation’s
activities are focused on four key areas: Education Drivers, Education Opportunities,
Education Innovations and Education Dialogue [238| 252]. An example of researchers

using this topology can be found in [253] 254} 255, [106]].
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3.4.1.4 Content Popularity

The content popularity model is a tool that tracks the worth of each content’s
popularity. It is a function that, in other words, counts the specified number for each
element. According to the research, only a handful of websites out of millions garnered
the most visitors [256]. As a result, the material’s popularity may be predicted using a
power law-shaped probability distribution function [257]]. The power law distribution,
often known as the Zipf distribution and its extended variant Maldelbrot-Zipf (MZipf),

is frequently used in the majority of models and simulations [258} 231, 257]:

(g+x)~*
i—1(q+ k)=«

pmf(x,N,q,a) = 3.1

When N is the number of elements, o is the distribution’s slope, ¢ indicates its plateau,
and pmf stands for the probability mass function. A flatter distribution is achieved
when ¢ tends to zero as in [257]. According to the literature study, the alpha parameter
for Zipf or MZipf can be between 0.5 and 3.0. In a simulation based on the MZipf
distribution, content is chosen as needed depending on its likelihood value. Depending

on how the o option is configured, some items may receive more requests than others.

Saino et al. [259] use a Zipf popularity model with alpha values between 0.6 and 1.1,
consistent with a range of alpha values used in the literature. This parameter’s value
in [16] is 0.8. While Zhang et al. [178] and Li et al. [230] assess with 0.3 and 0.9
for alpha, respectively. This parameter’s value in [159] is 1.0. Sung et al.’s evaluation
uses an alpha range of 0.25 to 1.5, while that of [260] is between 0.6 and 1.2. The

alpha is tested for 0.85 in [232]]. While Ong et al. [261] use this number between 0.5
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and 3.0, Bernardini et al. [233] 257, 262] utilise values between 0.65 and 2.0. The
alpha in [178]] is 0.7, whereas [263]] shows a range of 0.7 to 0.96. Alpha in [231] falls
between 0.6 and 2.5. The caches are evaluated by other studies using traces taken from
the Akamai CDN Asia [257], such as Fayazbakhsh et al. [264]. There is no consensus
on the value of the MZipf distribution’s alpha parameter since it is thought to be the
best candidate to reflect content popularity. The fact that this number may range from
0.5 to 3.0 suggests that it might have a significant impact on how well the caching
mechanisms function. Therefore, this study of the CPVP mechanism considers « as
0.65; additionally, our design is not dependent on popularity due to the huge size of
the video and to avoid occupation. However, the performance metrics are affected
positively o because it refers to requests again and again with the same interest, as

concluded from our simulation results in Chapter Four.

3.4.1.5 Cache Size

Each node’s space available for caching content objects is referred to as the cache size.
The cache size is expressed as an absolute value or a ratio to the catalogue size; for
instance, 20 elements or 0.02 of the catalogue size [257] are equal. Cache size 0.2 was
employed by Saino et al. [259]. The 0.1 cache size was utilised by Chai et al. [159]
and Cho et al. [232]. Rosensweig et al. [265] employ a cache size ranging from 0.1 to
0.4. However, Li et al. [230] take the number between 0.1 and 0.5. This figure of 100
is used by Zhang et al. [178]. Utilising 100-1,000 element cache sizes are Kang and
Bilal [260]. Sung et al. [266] take 2,500 pieces, with a 2GB element size per piece
and a 1TB cache. Wang et al. [[178] made the simulation scenarios using S0Mb and
200Mb cache capacity with 100Mb and 300Mb content size. At the same time, Ong
et al. [261] take cache sizes from 0.05 to 0.3. At the same time, this evaluation of the

CPVP mechanism uses cache sizes from 1GB to 17 B.
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3.4.1.6 The catalogue size

It refers to the total number of contents in a network. For the catalogue size, a distinct
range of values has been used. This value 10° is used by Zhang et al. [267] and Chai
et al. [159]. Rossi et al. [231] based on a YouTube-like catalogue that contained 108
objects with an average 10MB chunk. However, Kang and Bilal and [260] used the
catalogue size of 10*. Bernardini et al. [233]] consider a catalogue of 10° elements in
their experiments. While Ong et al. [261] consider 10* elements. Some academics
have not included the specific catalogue size in their writing. In addition to the authors
in [[16,[259, 264 [164] just stated that they receive 10° queries for each catalogue. Thus,

10° content is used in this evaluation of the CPVP mechanism.

3.4.1.7 Simulation Parameter Settings

In this work, VoD is used in the evaluation of the caching placement mechanisms (LCE,
LCD, and Prob) with the proposed mechanism (CPVP). While analysing the suggested
mechanisms in the NDN, VoD would also be looked at for operational entries. The
VoD traffic is obtained randomly from the Scalable Video Coding-Dynamic Adaptive

Streaming HTTP (SVC-DASH) as explained in Subsection|3.4.2.1
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Table 3.2
Simulation Parameter Settings

Tree, Abilene, GEANT, and

Topologies Deutsche Telekom Network
Topologies.

Replacement mechanism LRU.

Forwarding mechanism Basic NDN Forwarding.

catalogue size 1000,000 contents.

Chunks block size 1/3 of file.

Zipf exponent o parameter 0.65, and 2.0.

Cache size 1GB, 10GB, 100GB, and 1TB.

Number of Simulation 10 runs.

Simulator ndnSIM2.0.

Average Hit Ratio,
AverageE2EDelay, server load
reduction, and total reduction in the
network footprint.

The Scalable Video
Coding-Dynamic Adaptive
Streaming HTTP (SVC-DASH).

Evaluation metrics

VoD traffic

Regarding the parameter settings, all that is needed by the simulation is considered,
such as catalogue size, Content Popularity Model, topologies and cache size. In this
case, a standard value is chosen for all the parameters. The scenarios also consist of
a catalogue with 1,000,000 files of video. The cache size is also simulated in four
cases of cache sizes, which are 1GB, 10GB, 100GB, and 1TB. Content Popularity
Model uses a probability distribution function such as Zipf based on parameters 0.65
and 2.0. The parameter ranges largely from 0.6 to 2.5 [233], but for this experiment,
it is considered as 0.65, which refers to a low popularity scenario to avoid bias for
any popular content. LRU working based on page selection for a replacement has not

been referenced for the longest time, but considered mostly used as in [[159,226]]. The
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various simulation parameters to be used in this research are listed in the table[3.2]

3.4.2 Simulation Setup

To evaluate the new mechanism, CPVP, the performance metrics results are compared
with these placement mechanisms: LCE, LCD, and Prob, to confirm that the simulation
results of CPVP are valid. The reason for the comparison with LCE, LCD, and Prob
is that LCE is the default NDN caching mechanism; LCD is developed from LCE,
while Prob is getting a good result in performance metrics in Chapter Four of this
thesis. Additionally, the other reason is that each of these three mechanisms can be
considered an example of one type of caching mentioned in Chapter Two. The LCE
mechanism is non-coordination on path caching, as mentioned in Subsection [2.3.2.1]
and explained in detail in Subsection[2.4.1] Whereas the LCD mechanism is an implicit
cache coordination scheme, as mentioned in Subsection @ and explained in detail
in Subsection [2.4.2] Prob is also in the same type of LCD, but it efficiently decreases
redundancy, and big minimises the E2EDelay performance metrics. Therefore, our

design represents the explicit cache coordination on the path. For more precision, see

Figure[2.3]

The evaluation of our implementation by cache size from 100 content elements to
100,000 elements (1GB to 1T B sequentially), a catalogue size of 10° elements, while
a Zipf popularity equal to & = 0.65 (see Table . In the literature, 10* contents is the
widely utilised catalogue size [268, 260, 261, 269]], but because of the current traffic
nature, it isn’t easy to guess the Internet simply with 10* contents. As a result, in our
studies, the catalogue size was set to 106 items, which is thought to be sufficient for
assessing the performance of Internet traffic [233) 262]. Files are represented by the
components and contents. As a result, they are both used equally in this thesis. In the
simulation outcomes, the median values of ten runs are evaluated for Average Cache

Hit, Average E2EDelay, Server Load Reduction, and Reduction in Network Footprint.
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The basic NDN Forward mechanism is used according to what was considered the
best forwarding mechanism by the study of Aloulou N. et al. [65]. Assuming that
the CPVP is cached in the three blocks in the three neighbour routers at the same
time, therefore, this study used Last Recently Used (LRU) as a caching replacement
mechanism. However, each block is equal to 1/3 of a file. This study achieved
simulation by using these topologies: Tree, Abilene, GEANT, and Deutsche Telekom
Network Topologies in ndnSIM2.0. The VoD traffic is obtained randomly from the

Scalable Video Coding-Dynamic Adaptive Streaming HTTP (SVC-DASH).

3.4.2.1 The Model of Video

This experiment sends random video packets based on the video content which
are initially from the dataset of the Scalable Video Coding-Dynamic Adaptive
Streaming HTTP (SVC-DASH). The open-source toolchain can be accessed from the
GitHub repository at http://tinyurl.com/DASHSVC [270, 271] by using the dataset
at tinyurl.com/SVCDataset; see Figure [3.7] In this figure, each 48 frames refer to
a segment size (2 seconds at 24 fps). A dataset of DASH/SVC containing multiple
videos at varying bitrates and including spatial 1080p resolutions. Second, a toolchain
for multiplexing SVC encoded videos is provided, therefore making our results
reproducible and allowing researchers to generate their own datasets [270, 271]]. In
DASH systems, each video consists of multiple segments or “chunks” (corresponding
to a few seconds of playtime) and each chunk is encoded at multiple discrete bitrates

[L77].
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Figure 3.8. Example of DASH/SVC of BBB-I-360p Information

This open-source was used by M. Rotinsulu et al. [272] to measure the QoS in NDN
by ndnSIM?2.0 to simulate and evaluate [273]]. The video model is a set of consecutive
video chunks or segments, V = 1,2,.... K, each of which contains L seconds of video
is encoded with different bitrates. Thus, the total length of the video is K * L seconds.
The video player can choose to download video segment k with bitrate R, € R , where
R is the set of all available bitrate levels. The amount of data in segment k is then
Lx Ry. The higher bitrate is selected, the higher video quality is perceived by the user
(177, 274]. The Figure [3.§] explains the information example of the DASH/SVC of

BBB-1-360p.

3.4.2.2 Performance Metrics

The performance metrics are used to enhance and evaluate the performance of the
proposed caching placement mechanism for NDN during VoD services. This attempts
to improve overall QoS for multimedia services. Previously, an objective examination
of the network was conducted by measuring many criteria to determine the quality of
the network and quantify the QoS of the network. QoS refers to the network’s ability
to attain a more deterministic behaviour so that transportation of data is achieved with

minimal loss of packets, delay, and maximum bandwidth. Note that QoS does not
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consider the perception of the user. From experience, it is observed that a service
provider cannot afford to wait to receive customer complaints in a situation where the
customer experiences low-quality service. This is because, from the findings of an
Accenture survey [84]], about 90% of users will not register a complaint regarding the
low QoS but would rather ditch the service provider and move on to another [275]. The
selected metrics for measuring the performance of the new mechanisms are the average
hit ratio, the average E2EDelay time, server load reduction, and total reduction in the

network footprint.

Various factors are capable of affecting the perceived quality, and these include
network reliability, the process of content preparation, and terminal performance. The
content preparation process contains the caching placement mechanism, while the
terminal performance is affected, especially on VoD services, which are considered
a part of QoS. M. Alreshoodi et al. [276]] focused on several interdependent
parameters that determine the QoS of multimedia streaming services over networks.
The researcher showed four performance indicators for the average hit ratio, the server
load reduction, the average total reduction in the network footprint, and delay speed,
which affects the user performance [277, 106, [104]. J. Auge et al. [278]] analysed the
performance metrics of the total reduction in the network footprint and proved that an

increase in the number of requests in the network has an adverse effect on performance.

1. Average Hit Ratio

The average hit ratio represents the proportion of content requests that are successfully
fulfilled from the cache as opposed to being fetched from the original source, such
as the server. "Hit" occurs when the requested content is found in the cache, while
"miss" occurs when it must be retrieved from the source. In coordinated cache

placement, content is strategically distributed across various cache nodes based on
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factors like user demand patterns, network topology, and content popularity. The goal
is to maximize the probability that requested content will be found in a nearby cache,

thereby increasing the average hit ratio [120].

Moreover, a higher average hit ratio reduces the need for content to be retrieved
from the origin server, which decreases overall network traffic, reduces latency, and
minimises the load on the network infrastructure. In addition to quicker content
retrieval, it reduces buffering times and improves the overall viewing experience
for users. However, this high hit ratio leads to the network experiencing less load,
particularly during peak times. This reduces congestion and helps maintain consistent
performance levels even as the demand for VoD services increases. This leads to a

more efficient use of network resources and improves QoS for users.

In NDN, video content is often partitioned into smaller, which are then individually
cached. This allows for more granular control over caching and increases the
probability that at least some of the requested videos are available in the cache. As VoD
services scale and the number of users increases, maintaining a high average hit ratio
ensures that the network can handle more simultaneous requests without degradation
in QoS. Therefore, coordinated cache placement can dynamically adapt to changes in
user behaviour , content popularity, and network conditions, continuously optimising

the caching strategy to maintain a high average hit ratio [279].

This performance metric displays the potential of the caching mechanisms to initiate

a moderation of the number of redundant content copies. The average cache hit ratio

across all routers is computed from the following equation [[72} 280]:
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Zn Hit;
i=1 Hit+Miss:
i H;lz,+Mlss, (32)

AverageHitRatio =

Where Hit; is the number of requests that provided the data content by the router (r)
from its cache, and Miss;is the number of requests which were forwarded upstream
by r as a result of a cache miss. n represents the total number of routers. A higher
average hit ratio indicates efficient caching, leading to reduced network traffic and

latency [247].

The average hit ratio is a critical metric for assessing the effectiveness of coordinated
cache placement in NDN during VoD services. It directly impacts network efficiency,
user experience, and the service’s scalability. By optimising the cache placement
strategy and effectively partitioning video content, NDN can achieve a higher average
hit ratio, leading to faster content delivery, reduced network load, and an overall better

QoS for users.

2. Average E2EDelay

End-to-End Delay (E2EDelay) is a critical metric performance statistic that indicates
a packet’s overall latency while travelling across the network from its source to its
destination. The total of the node delay at each node and the link delay at each
link on the network are used to determine the end-to-end (E2E) delay path. This
includes all delays due to data transmission, processing, queuing, and routing across
the network. The strategy used to place content within caches across the network
has a direct impact on E2EDelay. Coordinated cache placement involves strategically

placing video content or its segments in locations that optimise retrieval times, which
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minimises E2EDelay. Coordinated caching ensures that video segments are stored
closer to where they are most likely to be requested. This reduces the distance data

needs to travel, thereby lowering the average E2EDelay [120} 281].

In VoD services, a low average E2EDelay is crucial for a high-quality user experience,
as it directly affects video load times, buffering, and the smoothness of playback. For
VoD, where users expect instantaneous access to video content, the average E2EDelay
is a critical metric. Coordinated caching in NDN can help ensure that videos are
delivered quickly, improving the overall QoS. Partitioning videos in NDN leads to
more efficient caching and faster retrieval. Coordinated cache placement ensures that
the right content is available at the right locations, minimizing the time required to

deliver each content during video playback.

According to the link delay, which only relates to the propagation delay on the link
(i,j). This link refers to the connection between node i and node j in the network.
When considering a wireless link, the assumption is that each hop along the path has
almost identical propagation delays [282]. A delay time is the disparity between a
client time of Request R; and the time of the server or source S; to request number i.
However, the average of E2EDelay is a summation of delay time divided by the total

number of requests n, as follows [283, 284]:

i1 (Ri—S;)
n

AverageE2EDelay = 3.3)

Average E2EDelay is an important performance metric in NDN for VoD services,
particularly when using coordinated cache placement. It directly influences the QoS by
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affecting how quickly and smoothly video content can be delivered to users. Through
strategic partitioning of video content and intelligent placement within the network,
coordinated caching can significantly reduce the average E2EDelay, leading to a better

user experience with faster video load times and minimal buffering.

3. Server Load Reduction

Server load reduction is a critical performance metric in evaluating coordinated cache
placement, particularly in the context of NDN during VoD services. It refers to
the decrease in the amount of data that needs to be served directly from the origin
servers. This reduction is achieved when a higher proportion of content requests
are fulfilled by caches distributed throughout the network rather than by the central
server. Coordinated cache placement strategies aim to distribute video content across
the network’s caches strategically. By doing so, they reduce the frequency with which
the origin server is accessed for content retrieval, thereby decreasing the server’s load.
This leads to improved overall network efficiency, as the distributed caches can handle

a significant portion of content requests [279].

In NDN, video content is typically divided into smaller segments or chunks, allowing
individual segments to be served from nearby caches rather than the central server.
Therefore, this distributed caching approach significantly reduces the burden on
the server, as most content is retrieved locally from the network caches. Thus,
VoD services can handle more users and higher traffic volumes without degrading
performance. This scalability is crucial for maintaining a high-quality user experience

as the demand for VoD services grows [151} 285]].

Reducing the load on the origin server is essential for enhancing the scalability,
reliability, and efficiency of the network. It prevents bottlenecks, reduces the risk
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of server overload, and ensures smoother operation, especially during peak demand
times. This metric is on the origin servers, which are defined by the equation [72,(120]

as follows:

Server Load Reducion = 1 — NumCachedReqy 3.4)

Where NumCachedReq denotes the number of video requests that were fulfilled using

an in-network cache.

Server load reduction is a crucial metric for evaluating the effectiveness of coordinated
cache placement in NDN during VoD services. By strategically placing video across
the network’s caches, the load on the origin server is significantly reduced, leading
to improved scalability, reliability, and cost efficiency. This reduction in server load
ensures that VoD services can deliver content quickly and efficiently to a large number

of users, maintaining high levels of QoS even during peak usage times.

4. Total Reduction in the Network Footprint

The network footprint refers to the total amount of data traffic generated within the
network as content is requested, transmitted, and delivered to end-users. Reducing the
network footprint means that less data needs to travel through the network to deliver
content to users. For VoD services, which transmit large volumes of video content,
this efficiency is particularly crucial. Therefore, a smaller network footprint typically
translates to lower congestion, faster delivery times, and more efficient use of network
resources, all of which contribute to better QoS for end-users. Coordinated cache
placement entails strategically distributing video content across multiple network

caches. By placing content closer to the user, coordinated caching reduces the distance
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that data needs to travel, which in turn reduces the network footprint [129].

Video partitioning in NDN enables more granular caching strategies, transmitting and
caching only the necessary segments. NDN can minimize the amount of data that
needs to be fetched from the original content source. This partitioning video further
reduces the overall network footprint. A lower network footprint also means reduced
costs for network operators, as there’s less strain on network resources like bandwidth
and fewer requirements for data transmission over long distances. In addition, the
network can handle more simultaneous VoD requests without becoming congested,
which makes the service more scalable. Therefore, faster content delivery and fewer
network delays directly enhance the user experience, as videos load quicker and stream

more smoothly.

The total number of byte-hops stored by in-network caching is defined by the following

equation [[72]]:

14

. ) _(HopsNoCache, — HopsNDN,) x bytes

TotalReductionNetworkFoot print = =~ % a 4 4
+—1(HopsNoCache, x bytes,)

(3.5)

Where HopsNoCache, presents the total number taken by the request r to reach the
closest origin server. HopsNDN, presents the number of hops taken by the request
r to arrive at the nearest location containing a copy of the video content, i.e., either
an in-network cache or the origin server. The bytes, refer to the size of the request r,

which is presented in byte units. Furthermore, V is the total number of requests.

Total Reduction in the Network Footprint is a vital performance metric in the context of

coordinated cache placement, particularly for VoD services in NDN. By strategically
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placing video closer to end-users and reducing unnecessary data transmission across
the network, coordinated caching significantly lowers the network footprint. This
reduction leads to more efficient use of network resources, lowers operational costs,
and enhances the overall QoS by reducing latency and improving the scalability and

responsiveness of VoD platforms.

3.4.3 Confidence Level of Simulation Results

Performance evaluation aims to determine the average () of the performance measures
previously covered, including average hit ratio, average E2EDelay, server load
reduction, and overall network footprint reduction. In simulation experiments, random
occurrences are produced using random numbers. This randomness causes random
occurrences to also appear in the results. As a result, the output of numerous simulation
runs determines the precision value of (u). A degree of confidence in the result
should be established because the simulation output is merely an estimate. The study
employed ten runs with different random number generator seed settings for each
situation. The point estimate for the averages of all collected measurements was
calculated along with a 95% confidence range. Hasan and Jain [286]], Bajaj et al.

[287], and [288, 200, 289] provide additional details.

3.5 Summary

The research mechanism to ensure that the goals for the study are indicated in Chapter
One to ensure that the research objectives can be fulfilled, verified, and validated. This
research focuses on developing a coordinated caching placement mechanism for NDN
during VoD services, which attempts to improve QoS for VoD services. This will be
accomplished by outlining the experimental design, implementation approach, and tool

employed, as illustrated in Figure [3.1]
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This chapter started with six research steps, which are: perform an in-depth study
on the issues surrounding the coordination caching placement mechanism, perform an
empirical analysis on the previous seven cache placement mechanisms, which are LCE,
LCD, Cross, Prob, PProb, Centrality, and Rand mechanisms, to find the functionality
requirements, design a novel coordinated caching placement mechanism by partitioned
the requested video, CPVP, for use in NDN with VoD services, implement, validate,
and verify the design of the novel mechanism, execute the experiments, and lastly
carry out performance evaluation of the novel mechanism by comparing it with the

LCE, LCD, Prob mechanisms.

This study used the simulation approach to evaluate the novel mechanism, which
many other researchers have employed in this area. For evaluation metrics, this study
chose to use the average hit ratio, average E2EDelay, server load reduction, and total

reduction in the network footprint.

The experiments are performed using the ndnSIM 2.0 simulation approach. The data
is VoD traffic obtained randomly from the SVC-DASH, as explained in Subsection
B42.1

This chapter has also explained how the results are verified and validated. All
the algorithms have been inspected so that they meet the intended or the original

requirements of the designed objectives.

The next chapter comprehensively discusses the empirical analysis of the seven
placement caching mechanisms. By thoroughly understanding their strengths and
weaknesses in functional requirements, the novel coordinated caching placement

(CPVP) can be effectively designed.
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CHAPTER FOUR
THE EMPIRICAL EVALUATION OF CACHING PLACEMENT

MECHANISMS

This chapter aims to conduct an empirical evaluation of caching placement
mechanisms to identify the functional requirements for Named Data Networking
(NDN) coordinated caching placement performance mechanisms for VoD workloads.
This chapter presents the results of implementing placement mechanisms LCE, LCD,
Prob, PProb, Rand, Centrality, and Cross during VoD. To achieve the first goal of
Chapter One, the chapter also evaluates the performance metrics outcomes that are

related to the aforementioned procedures.

4.1 Introduction

The literature on Information-Centric Networking (ICN) has extensively explored and
investigated architecture improvement measures [106) 168, 31]]. This chapter will
explore and analyse metrics for the NDN designs, such as average cache hit ratio,
average End-to-End Delay (E2EDelay), origin server load reduction, and network
footprint reduction. To empirically evaluate the placement mechanisms to identify the
functional requirements needed for NDN-coordinated caching placement performance
mechanisms for VoD workloads, metrics could be optimised using a variety of caching-
related factors, as well as content placement. Based on these functional requirements,
a new Coordinated Cache Placement by Video Partitioning (CPVP) mechanism will
be designed as a second objective in NDN for VoD services. CPVP is achieved by
combining three new schemes, which are VAS to deal with content retrieval efficiency,

VCDS to optimise caching decisions, and VPS to enhance dynamic partitioning.

This work examines the effects of various NDN caching placement mechanisms using

key performance metrics. The seven cache placement mechanisms are evaluated in
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four cache sizes of 1GB, 10GB, 100GB, and 1T B with different scenarios to achieve
the first objective, which will lead to designing a new cache placement mechanism in

the next chapter.

4.2 Configuration of the Mechanisms

The researcher considers the typical arrangement depicted in Figure [@.I] because
the configuration of placement mechanisms LCD, LCE, and Prob shares some
characteristics. Whereas LCE is referred to as an example of non-coordinated caching
placement, LCD and Prob are referred to as examples of implicit coordinated caching
placement. It is commonly known that most multi-level caches currently operate
typically using the LCE caching placement mechanism. For this study, the researcher
configures the LCE to provide a copy of the requested item when it is present in all
intermediate caches (levels [ — 1,..., and /) between the location of the hit and the
requesting client. This is configured when a hit happens at the origin server or a level

[ cache.

In this investigation, the LCD caching placement method was configured only to store
a fresh duplicate of the requested object in the (I — 1) — level cache. This was set up
so the cache could find the requesting client by positioning it below the hit. Because it
makes several requests to add things to a cache, the LCD structure is comparable to the
LCE. Additionally, it was programmed to find every request by making a fresh replica

of the item one hop lower.

The Rand caching placement method properties are set to choose one of the path’s
nodes randomly. It was set up to store a duplicate of the content on a randomly selected
node while its reference packet is processed over the network to establish the potential
field for node caching. In the simulation, the researcher looked at sending random

requests within a specified range to the relevant node to distribute the content file and
112



the inquiry. This was required to enable the random forwarding of queries within some

nodes until the potential field was found.

When using the Prob caching placement technique, the researcher configures the
cache placement by managing the connections between the referred query, the client’s
intermediate cache, and the path from the hit location. The researcher suggests putting
a reference object there to help trace the client’s request back to its source. On the
other hand, a local copy from the intermediate cache is preserved with probability p;
as a result, the replacement mechanism is activated. This suggests that it is unlikely

that a copy of the current task was put in the interim cache 1 — p [[156].

Figure 4.1. The Operation of the LCD, Prob, and LCE Placement Mechanisms [156]

The PProb caching mechanism is a probabilistic approach for distributed content
caching along a patch of caches. In this work, the researcher sets up PProb to calculate
the caching capability using the probabilistically proposed node path location and
cache contents [[156], as in Figure d.2] This frees up space in the cache for other flows
that use the same path and fairly multiplexes the contents of different flows among

caches on the same path.

113



Figure 4.2. The PProb Caching Mechanism Scenario

This work employed the centrality-based caching mechanism to increase caching gain
and lessen placement performance uncertainty. By considering the connection between
pairs of nodes in the network, the researcher examined the configuration proposed by
Chai, He, Psaras, and Pavlou [159] to specify the frequency of preset nodes on the
content delivery path. In this study, the researcher explained cache misses inside a
network by assuming the content node would fail with a sizable number of content
delivery channels. The researcher guaranteed that the cache replacement rate was

decreased in addition to caching content by only caching nodes with higher priority.

Figure 4.3. Centrality-based Caching Mechanism Node Positioning
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By considering the connections between the network topology and the material’s
popularity, this study set the cross-caching placement mechanism in a cross-layer form
to cache contents in a few chosen locations. The mechanism makes use of information

that is accessible at both the network and application levels.

4.3 Simulation Scenario

In this study, the implementation will be simulated seven specific content placement
mechanisms: LCD, LCE, Prob, PProb, Centrality, Rand, and Cross. This simulation
will use various cache sizes (1GB, 10GB, 100GB, and 17 B). This diversity of cache
size is commendable to show the relationship between increasing the cache size and
decreasing the delay and overload of the network. Whereas VoD applications utilise the
cache size. Furthermore, the scenarios fail to address critical aspects such as dynamic
user demands or network congestion, which are common in VoD environments.
Incorporating these factors would significantly enhance the study’s applicability and
robustness. Whereas the requests’ probability distribution of all content files follows
Zipf distribution with o = 0.65 and @ = 2.0 using a default replacement mechanism,
Last Recently Used (LRU). Each result was obtained by averaging over ten simulation

runs.

However, these caching placement mechanisms will be simulated using ndnSIM 2.0
and the Abilene topology as in Figure [#.4] The foundation of the Abilene topology is
a link between directly connected nodes arranged in a bidirectional order, each serving

various functions and whose link utilisations typically varies significantly.
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Figure 4.4. Abilene Topology

This study evaluates the seven caching placement mechanisms stated in the preceding
section using VoD. This evaluation is measured by using the quality metrics of the
played video or its subjective perception by the end user to quantify QoE (Quality of
Experience). The most crucial QoE measures affect user engagement [173]. These

parameters are the buffering ratio, average bitrate, and startup latency.

4.4 Simulation Results and Evaluation of Seven Placement Mechanisms

The QoE provided across various environmental circumstances can be improved by
several trends connected to the performance of networking applications [174, 290].
Because it offers a thorough grasp of the data reduction state, the researcher
in this study considered specific network measurements when building the PProb
mechanism’s network metrics. Determining the root cause of this delay can
compromise the entire network’s performance. Therefore, it is advisable to address
the summary value produced from the delay measurements on a single domain’s links
from the viewpoints of an average cache hit ratio, a total reduction in network footprint,

and a decrease in server load.
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4.4.1 Average Hit Ratio

The following diagrams show the average cache hit ratio for the seven cache placement
mechanisms via different sizes__1GB, 10GB, 100GB, and 1TB__ using o = 0.65, then
o = 2.0 as explained previously. The equation [3.2] was used in this investigation to get

the average cache hit ratio across all routers:

4.4.1.1 Average Hit Ratio Using 1 GB and o = 0.65

Figure 4.5. Average Cache Hit Ratio for Seven Placement Mechanisms Using 1 GB
and a = 0.65

Figure {.5] shows the average cache hit ratio for all mechanisms whenever the cache
size 1s 1GB. Prob and Centrality, however, share a 0.004 average cache hit ratio.
The other mechanisms range in size from 0.005 to 0.009 simultaneously. Finally, the
outcome revealed that among the 1GB methods, LCD had reserved the maximum ratio

of 0.009.

Although LCD stores the content on each node on the level below where the hit occurs,
LCD outperforms LCE since LCE stores a duplicate of the content on each node along
the path in its cache. Additionally, semi-structures were employed by LCD and LCE

since it takes numerous queries to add objects to a leaf cache [16]. Further, they
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decided to track each request by making a fresh duplicate of the object one client’s
hop away due to increase the video bitrate. Higher bitrates typically mean better video
quality, as more data can be transferred per second, improving the viewing experience.
Additionally, it was emphasised by Nikolaos L. et al. [163]] that the LCD is superior
to LCE since it can provide exclusive caching. In other words, the LCD prevents the
repetitive repetition of the same few things by allowing each cache in a chain of stores

to retain a potentially diverse collection of objects.

4.4.1.2 Average Hit Ratio Using 10GB and o = 0.65

The cache size is raised to 10GB in Figure 4.6] Here, we can immediately see that the
LCD mechanism’s average cache hit ratio performs best [264]]. Its average cache hit
ratio is 0.023, higher than Rand’s (0.017). While Centrality produced the lowest ratio
of 0.009, other methods like LCE, Prob, PProb, and Cross achieved interchangeable
ratios. The average cache hit ratio is once more lowest when the centrality approach is

used.

Figure 4.6. The Average Cache Hit Ratio for Seven Placement Mechanisms Using
10GB and o = 0.65
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4.4.1.3 Average Hit Ratio Using 100 GB and o = 0.65

The cache size is raised to 100GB in Figure It is clear that the Rand method,
with an average cache hit ratio of 0.048, performs best, with Prob and LCD coming
in second and third, respectively. In contrast to Cross, LCE, and PProb, other

mechanisms, such as Centrality, produced a relatively low ratio of 0.024.

However, the RAND method outperforms other mechanisms because it is randomly
selects items for eviction when space is needed. At first glance, RAND might seem
suboptimal compared to more intelligent, decision-based policies. However, there
are scenarios where RAND can be effective. In addition, if the access pattern to
the cache is approximately uniform, meaning all items have an equal probability of
being accessed, a random eviction policy might perform similarly to other, more
complex policies. In environments where content popularity changes rapidly and is
hard to predict, making ’intelligent’ decisions based on recent history can sometimes
be misleading. In such cases, a random choice avoids the pitfalls of making decisions
based on possibly outdated or irrelevant data. RAND is simple and doesn’t require
maintaining additional metadata or complex decision-making algorithms. This can
result in faster operations and reduced overhead, which is especially in high-speed or
resource-constrained environments. RAND doesn’t favour any particular set of data,
ensuring that all data pieces have an equal chance of remaining in the cache. This
can be seen as a form of fairness, especially in multi-tenant environments. Intelligent
caching policies can sometimes be tricked by crafty access patterns, leading to cache
pollution where the cache is filled with seldom-used items. Random caching is immune
to such patterns and ensures a level of unpredictability. In research or experimental
settings, RAND can serve as a baseline to measure the effectiveness of other caching
policies. However, it’s essential to note that the success of RAND versus other caching

policies largely depends on the specific application and workload. In many real-world

119



scenarios, especially with discernible access patterns, policies like Least Recently

Used (LRU) tend to outperform RAND.

Figure 4.7. Average Cache Hit Ratio for Seven Placement Mechanisms Using
100GB and o = 0.65

4.4.1.4 Average Hit Ratio Using 1 7B and o = 0.65

When the cache is 1TB in size, the average cache hit ratio for all seven caching
placement mechanisms is shown in Figure [#.8] Prob then, Rand has the greatest
average cache hit ratio compared to the other six mechanisms, with values of 0.095
and 0.091, sequentially. The average cache hit ratio of the PProp, Cross, and LCE
mechanisms is marginally lower than that of the Prob mechanism. With an average
cache hit ratio of 0.043, the centrality mechanism once more produces the poorest

results.
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Figure 4.8. Average Cache Hit Ratio for Seven Placement Mechanisms Using 1 7B

and ¢ = 0.65

4.4.1.5 Average Hit Ratio Using 1 GB to 1 7B and o = 0.65

From Figure {.5] to Figure it can be seen that the average cache hit ratio rises

as the cache size increases in all cases for all seven caching placement mechanisms.

The LCD mechanism gives the best results for the average cache hit ratio from 1GB

to 100GB [16, 264, while Prob is the best in 17B. The centrality mechanism was

the worst, as shown in Table d.I] Moreover, the PProb mechanism keeps more than

the middle level. Also, the performance of PProb will be better when the cache size

increases. However, the figure 4.9 explains briefly Table

Table 4.1
The Average Cache Hit Ratio for Seven Placement Mechanisms Using 1 GBto 1 TB
and a = 0.65
Cache Size LCE LCD PProb Prob Rand Centrality Cross
1GB 0.006 0.09 0.005 0.004  0.006 0.004 0.007
10GB 0.011 0.023  0.011 0.013  0.017 0.009 0.013
100GB 0.033 0.046  0.041 0.047  0.048 0.024 0.038
1TB 0.89 0.088 0.09 0.095  0.091 0.043 0.085
Average  0.03475 0.0415 0.03675 0.03975 0.0405 0.02 0.03525
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Figure 4.9. The Average Cache Hit Ratio in Four Cache Size for Seven Placement
Mechanisms with o¢ = 0.65

The earlier studies [290} 267] concluded that the cache mechanisms roughly performed
an optimal distribution of cache content by reducing cache content redundancy
(nevertheless, LCD has reduced redundancy compared to LCE) [264], which increases
the variety of content mechanisms. As a result, the hit ratio was effectively increased.
The research [[72, 267, 291]] also discovered that the LCD had a greater average cache

hit ratio than LCE.

The figure displays the average cache hit ratio for the PProb mechanism with various
cache sizes, ranging from 1GB to 17 B. The intermediate cache hit ratio rises in direct
proportion to cache size [48]. Because the PProb mechanism can make the network
store multiple copies of the same content request, therefore, with the increase of the

node cache capacity, the average cache hit ratio is significantly increased.

Overall conclusion: This study necessitates a proposed placement mechanism that can
satisfy each mechanism’s positive effects while avoiding the negative. Therefore, the
proposed mechanism needs to cache video close to the consumer, duplicate the caching

without wasting storage through redundancy, and partition the video across multiple
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routers to increase the average hit ratio.

4.4.1.6 Average Hit Ratio Using | GBto 1 TBand o =2.0

The average cache hit ratio for all mechanisms in four cache sizes, as in Table [4.3]
are explained in Figure 4.10] Therefore, it can be concluded that Centrality and
LCE mechanisms have the worst average hit ratio values in the 1GB to 17B cache
sizes. While the Prob and Rand mechanisms then, PProb obtains the best overall
cache sizes if focusing on average results. The results show that the average hit
ratio performance metric increases when the cache size increases. These placement
mechanisms, combining topology awareness and content popularity, offer the highest
scalability for VoD workloads [72]. At the same time, when the Zipf distribution is
increased from o = 0.65 to o0 = 2.0, the average cache hit ratio performance metric is

also increased.

Table 4.2
The Average Cache Hit Ratio for Seven Placement Mechanisms Using 1 GBto 1 TB
and oo = 2.0

Cache Size LCE LCD PProb Prob Rand Centrality Cross
1GB 0.01 0.017 0.011 0.009 0.011 0.009 0.015
10GB 0.021 0.041 0.023 0.028 0.033 0.019 0.027
100GB 0.062 0.091 0.084 0.093 0.093 0.047 0.081
1TB 0.165 0.177 0.178 0.182 0.177 0.087 0.163
Average 0.0645 0.326 0.074 0.078 0.0785 0.0405 0.0715
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Figure 4.10. The Average Cache Hit Ratio for Seven Placement Mechanisms Using
1GBto1TB and ox =2.0

4.4.2 Average E2EDelay

There are delays between the client’s time request and the server’s time response. The
average E2EDelay is consequently determined as in Equation [3.3|[292]. The average
E2EDelay performance of seven mechanisms in various cache sizes—1GB to 1T B—is
analysed and contrasted. Additionally, the comparison used the default configuration,

which viewed the sent packet as the primary data transfer source.

4.4.2.1 Average E2EDelay Using 1 GB and a = 0.65

Figure d.TT|shows the delay performance for all mechanisms. The Centrality, CROSS,
and RAND methods produce high delay performances of more than 4.82 sec. However,
LCE had the best delay performance, clocking in at 4.782 sec, ahead of Prob (4.785
sec) and PProb (4.792 sec). This performance of LCE is because the queue editor
that comprises LCE sends the processed packets in a fixed order [72, [170]]. This led
the researcher to conclude that LCE, followed by Prob, is the best in terms of delay

performance when caching using a 1GB size cache.
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Figure 4.11. Average E2EDelay for Seven Placement Mechanisms Using 1 GB and
o =0.65

4.4.2.2 Average E2EDelay Using 10 GB and o = 0.65

The delay performance for all mechanisms is shown in Figure One can see from
the outcome that the same three mechanisms—CENTER, RAND, and CROSS—have
once more produced high delay performances longer than 4.71 sec. However, PProb,
LCE, and Prob were determined to have the lowest delay performances, with 4.669,
4.677, and 4.684 sec, respectively. Thus, PProb achieves the best results of the average
E2EDelay by employing excellent queue management in larger cache sizes, where
packets are processed based on priority and number of nodes [293, [156]]. This led the
researcher to conclude that PProb, followed by LCE, is enough to delay performance
in a cache with a 10GB size because PProb has more diversity and less redundancy

than LCE.
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Figure 4.12. Average E2EDelay for Seven Placement Mechanisms Using 10 GB and
o =0.65

4.4.2.3 Average E2EDelay Using 100 GB and o = 0.65

Figure displays the delay performance for all mechanisms. The performance
results showed that the CROSS and RAND methods had high delay performance
(delay =4.708sec and 4.683sec, respectively). However, PProb (4.599Sec) and Prob
(4.564Sec) were discovered to have the lowest delay performances. Because Prob
divides the packet into levels that the network can recall and process more quickly, it is
useful for processing larger cache sizes [16, [156]. The researcher concluded that Prob
and PProb are still regarded as adequate mechanisms for slowing down performance

in 100GB caches as a result.

126



Figure 4.13. Average E2EDelay for Seven Placement Mechanisms Using 100 GB and
o =0.65

4.4.2.4 Average E2EDelay Using 1 7B and o = 0.65

The delay performance for all mechanisms is displayed in Figure at 17B of
cache size. The performance results showed that CROSS and RAND, which use
identical mechanisms, have great delay performance (delay = 4.638 sec and 4.613 sec,
respectively). However, it was discovered that PProb (4.513Sec) and Prob (4.511Sec)
had the lowest delay performances overall. This may be related to the previous
argument, where Prob distributes the packet into levels that the network can recall
and process more quickly [16,[156]]. This led to the conclusion that Prob and PProb are

still considered adequate mechanisms for slowing down performance in 17 B caches.
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Figure 4.14. Average E2EDelay for Seven Placement Mechanisms Using 1 7B and
o =0.65

4.4.2.5 Average E2EDelay Using 1 GBto 1 7B and o = 0.65

Additionally, the delay for all mechanisms in four cache sizes is explained in Figure
M.15] which is also shown in Table @ Therefore, in 1GB, LCE provides the
best delay performance. At the same time, the CROSS and RAND mechanisms
have approximately the worst delay values in the 1GB cache capacity. The PProb
mechanism obtains the optimal method in 10GB concurrently. The least delay time
in 100GB and 1TB is between Prob and PProb. But the causes of these delays are
described in the previous section. The results demonstrate that as cache capacity is
increased, the E2EDelay performance parameter improves.

Table 4.3
Average E2EDelay for Seven Placement Mechanisms Using 1 GB to 1 TB and
o =0.65

Cache Size LCE LCD PProb Prob Rand Centrality Cross
1GB 4782 4813 4792 47785 4.824 4.825 4.825
10GB 4.677 471 4669 4.684 4.718 4.717 4.717
100GB 4.625 4.608 4.599 4.564 4.683 4.613 4.708
1TB 4551 4.53 4513 4511 4613 4.571 4.638
Average 4.659 4.665 4.643 4.636 4.709 4.682 4.722
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Figure 4.15. Average E2EDelay for Seven Placement Mechanisms Using 1 GB to
17B and o = 0.65

4.4.2.6 Average E2EDelay Using 1 GBto 1 7B and ox = 2.0

Figure 4.15| elaborates the delay for all mechanisms in the four cache sizes as shown
in Table @ Therefore, it can be said that in the range of 1GB to 1T B cache sizes,
the CROSS and RAND mechanisms have the worst latency values. When compared
to other mechanisms, PProb achieves the best total cache sizes. The least delay
time in 100GB and 17B is between Prob and PProb. The results show that the
E2EDelay performance metric is decreases when increasing the cache size, according
to Che’s approximation and content-centric networking principles [1535]], cache hit ratio
improves with size, which inversely impacts delay [72]. At the same time, when the
Zipf distribution is increased from o = 0.65 to o = 2.0, the E2EDelay performance

metric is decreased.

Table 4.4
Average E2EDelay for Seven Placement Mechanisms Using 1 GB to 1 TB and
o=2.0

Cache Size LCE LCD PProb Prob Rand Centrality Cross
1GB 3.385 3.407 3.385 3.391 3.402 3.422 3.422
10GB 3.339 3.354 3.333 3.344 3.355 3.401 3.348
100GB 3312 3303 3.281 3.292 3.342 3.326 3.301
1TB 3272 3.264 3.251 3.235 3.306 3.285 3.264
Average  3.327 3.332 3.313 3.316 3.351 3.359 3.334
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Figure 4.16. Average E2EDelay for Seven Placement Mechanisms Using 1 GB to
1TBand a =2.0

4.4.3 Server Load Reduction

A critical performance metric is a decrease in load on the origin servers, especially
when using an in-network cache like NDN. The server load reduction metric can be
represented by the Equation [3.4] This subsection discusses the implementation results
of the server load reduction for each of the seven cache placement mechanisms at

various cache sizes.

4.4.3.1 Server Load Reduction Using 1 GB and o = 0.65

Figure illustrates the performance of the reduction in server load for each of
the seven mechanisms when the cache size is 1GB. The server load is significantly
reduced when the LCD mechanism is utilized, whereas the Centrality mechanism
results in a minor decrease. Consequently, the LCD mechanism yields optimal results
by significantly easing the server load, thereby enhancing overall performance. Psaras
et al. [16] confirm that LCD is one of the most effective strategies under constrained
cache regimes, outperforming LCE and random approaches. The lower server load
results in LCD performance due to a higher average hit ratio. However, the server load

is minimize, when the request is hit in any routers before arriving at the server.
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Figure 4.17. Server Load Reduction for Seven Placement Mechanisms Using 1 GB
and a = 0.65

4.4.3.2 Server Load Reduction Using 10 GB and o = 0.65

When the cache size is 10GB, the results of reducing the server load for each of the
seven mechanisms are shown in Figure 4.18] Here, the reduction in server load for
PProp and Prob is the same (10.6%), considered the greatest. Other mechanisms,
such as Cross, LCE, and LCD, delivered partial outcomes. In this instance, the
centrality mechanism’s value for the server load reduction is 7.9%, continuing its trend

of producing the poorest outcomes.

Figure 4.18. Server Load Reduction for Seven Placement Mechanisms Using 10 GB
and oo = 0.65
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4.4.3.3 Server Load Reduction Using 100 GB and o = 0.65

Figure .19 presents the server load reduction results for seven placement mechanisms
using 100GB and alpha=0.65. The LCD method reduces server load by the maximum
percentage, around 29.7%, while the Centrality mechanism performs at the lowest
level, 16.2%. However, the centrality mechanism performs worse due to the presence
of a bottleneck or loss link, as well as its higher distance from the consumer compared
to the LCD method. Moreover, when repeating the same request, LCD places the

content closest to the consumer through a single router.

Figure 4.19. Server Load Reduction for Seven Placement Mechanisms Using 100 GB
and o = 0.65

4.4.3.4 Server Load Reduction Using 1 7B and o = 0.65

The findings for seven mechanisms when the cache size is 17B are shown in the
Figure 4.20| The findings indicate that, at roughly 52.4%, the PProb mechanism has
the largest impact on reducing server load, followed by the Prob mechanism (51.3%)
because With more space, PProb avoids evicting frequently accessed items and can
sustain high content availability locally, directly reducing requests to the origin server

[294]. The lowest number, less than 25.8%, belongs to the centrality mechanism.
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Figure 4.20. Server Load Reduction for Seven Placement Mechanisms Using 1 TB
and a = 0.65

4.4.3.5 Server Load Reduction Using 1 GBto 1 TB and o = 0.65

The supplied diagrams in Figures to allow us to conclude that that for all
seven mechanisms, the reduction in server load increases as cache size increases. The
average in the Table confirms that the server load reduction of the LCD, PProb, and
Prob mechanisms gave the best outcomes when examining the server load decrease as

a performance parameter [[16, 294], as shown in the Table d.3]

However, PProb has the poorest reduction in server load performance at 1GB but is
the greatest at 10GB and comes in second at 100GB. Finally, it is the best one in
1TB. Generally, the performance of reduction in the server load for all placement
mechanisms gives increased performance when the cache size is increased.

Table 4.5
Server Load Reduction for Seven Placement Mechanisms Using 1 GB to 1 TB and
o =0.65

Cache Size LCE LCD PProb Prob Rand Centrality Cross

1GB 52 7.1 3.4 4.7 4.5 3.6 5.9
10GB 9.8 9.1 10.6 10.6 8.3 7.9 9.2
100GB 207 297 285  28.1 26 16.2 23.2

1TB 434 502 524 513 499 25.8 47.3
Average 19.78 24.03 23.725 23.68 22.18 13.38 214

133



In addition, the PProb mechanism has the second level in its average server load
reduction to four sizes. The other mechanisms, Prob, Rand, Cross, and LCE, gain
the third and sixth levels, respectively. While the Centrality mechanism is the worst

performance in the server load reduction, that is very clear when we see Figure d.21]

The Rand mechanism successfully reduces server load because it deletes content for
each request made to the server, replacing only one of the deleted items with the arrival
of new content [266]]. As aresult, there is a significant increase in the decrease in server
load. To give a potential field for node caching, it was further designed to copy the
content file to a random node while the reference packet was being processed across

the network.

Figure 4.21. Server Load Reduction for Seven Placement Mechanisms Using 1 GB to
17TBand a = 0.65

The results of the server load reduction of the PProb cache placement mechanism for
various sizes are shown in Figure 4.21] It is evident that as the cache size grows, the

server load decreases proportionally.
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4.4.3.6 Server Load Reduction Using 1GBto 1TB and o = 2.0

The Table §.6] is explained in Figure {.22] the server load reduction for seven
mechanisms in four cache sizes. Therefore, it can conclude that the Centrality
mechanism has the worst values in the 1GB to 1TB cache sizes. If focusing on the
average results, the Prob and LCD mechanisms obtain the best mechanism over the
average results of all cache sizes. The results show that the server load reduction
performance metric increases when increasing the cache size. At the same time, when
the Zipf distribution is increased from o = 0.65 to a = 2.0, the total traffic reduction
performance metric is also increased.

Table 4.6
The Server Load Reduction for Seven Placement Mechanisms Using 1 GBto 1 TB

and o = 2.0

Cache Size LCE LCD PProb Prob Rand Centrality Cross
1GB 10.6 11.5 8.2 9.8 10.7 8.2 11.2
10GB 193  20.1 196 21.8 197 17.4 18.9
100GB 414 499 46.1 49 472 33.8 44.5
1TB 672 726 773 731 714 49.8 68.3
Average 34.63 3853 37.8 38.43 37.25 27.3 35.73

Figure 4.22. Server Load Reduction for Seven Placement Mechanisms Using 1 GB to
I1TBand a =2.0
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4.4.4 Reduction in the Network Footprint

The total number of bytes saved through in-network caching measures the overall
network footprint reduction. It was calculated using the Equation [3.5] Reduction
the network footprint entails a reduction in the volume of data transmitted across
the network to provide content to users. For VoD services, which deliver substantial
quantities of video material, this efficiency is especially vital. A reduced network
footprint generally results in diminished congestion, expedited delivery times, and

enhanced utilisation of network resources, all of which enhance the QoS for end-users.

The following Subsections show the values of the network footprint reduction for
each of the seven caching placement mechanisms for various cache sizes and Zipf

distributions to assess the performance of the seven mechanisms chosen for VoD.

4.44.1 Total Reduction in Network Footprint Using 1 GB and o = 0.65

When the cache size is 1GB, Figure@ shows the outcomes of lowering the network
footprint for each of the seven placement mechanisms. The LCD method performs
best in minimizing the network footprint 4.1. While other processes, such as LCE and
Cross, have reduction values comparable to 2.7. Centrality and PProb methods provide
the lowest network footprint reduction, respectively. This refers to the reason of these
mechanisms are better utilizing local storage to keep traffic near the edge for small

caches size [293]].
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Figure 4.23. Total Reduction in Network Footprint for Seven Placement Mechanisms
Using 1 GB and o = 0.65

4.44.2 Total Reduction in Network Footprint Using 10 GB and o = 0.65

When the cache size is 10GB, the network footprint reduction for all mechanisms is
depicted in Figure .23] The LCD mechanism, which is more effective than the Rand
method at reducing network footprint, again provides the maximum value. While
the centrality approach once more provides the lowest value for reducing network

footprint. Given that the cache capacity has been

Figure 4.24. Total Reduction in Network Footprint for Seven Placement Mechanisms
Using 10GB and ¢ = 0.65
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4.4.4.3 Total Reduction in Network Footprint Using 100 GB and o = 0.65

Figure shows the overall network footprint reduction for all mechanisms, with a
cache size of 100GB and an alpha of 0.65. Once more, the LCD method reduces the
network footprint the most, followed by Rand, Prob, Cross, PProb, and LCE, in that
order. However, the Centrality mechanism experienced the least reduction in footprints

due to its bottleneck. Thus, Centrality gets the worst result.

Figure 4.25. Total Reduction in Network Footprint for Seven Placement Mechanisms
Using 100GB and o = 0.65

4.4.4.4 Total Reduction in Network Footprint Using 1 7B and o = 0.65

The Figure [4.26] appears various attitudes toward the mechanisms. In this case,
the Prob then Cross mechanism gives the highest value of the network footprint
reduction. However, the Centrality mechanism again was the lowest due to misaligned
content placement far from consumers [296]]. In contrast, the results of the other four

mechanisms (Rand PProb, LCD, and LCE) are in the middle, respectively.
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Figure 4.26. Total Reduction in Network Footprint for Seven Placement Mechanisms
Using 1 TB and o = 0.65

4.4.4.5 Total Reduction in the Network Footprint Using 1GB to 1 TB and o =

0.65

As a result, we may infer from Figures #.23] to 4.26] that for all seven of the given
mechanisms, the overall reduction in the network footprint increases as cache size
grows. The LCD and Rand methods reduce the network footprint, while the Centrality
mechanism yields the poorest result (7.45). However, Table 4.8| contains the averages

of the four results for each mechanism.

In addition, from Table we notice that Centrality and PProb are the worst in 1GB
cache size. However, PProb has the middle-performance level of the total reduction in
the network footprint in 10GB and 100GB cache sizes. Moreover, Prob has the first
performance level when the cache size is 1T B. Therefore, we can conclude that the
best level value of the total reduction in network footprint for the PProb mechanism is

when the cache size is larger.
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Table 4.7
Total Reduction in Network Footprint for Seven Placement Mechanisms Using 1 GB
to 17B and ot = 0.65

Cache Size LCE LCD PProb Prob Rand Centrality Cross

1GB 2.7 4.1 1.9 2.6 2.1 1.8 2.7
10GB 5.8 10.2 6.7 6.4 8.2 4.7 6.3
100GB 154 174 16.1 17 17.1 10.2 16.2

1TB 217 232 243 252 247 13.1 24.9

Average 11.4 13725 1225 12.8 13.02 7.45 12.53

Furthermore, depending on the average performance results, we notice that LCD is
the best, while Rand, Cross, Prob, Prob, and LCE mechanisms arrange sequentially
in the middle. Therefore, the LCD mechanism offers the highest value for footprint
reduction compared to the LCE and the Prob mechanisms, as illustrated in Figure
from the study [72, 297]]. In contrast, the Centrality mechanism is the worst because
it increases the likelihood of cache misses in a network [159]] and causes the content

node to disappear in the case of a high number of content delivery channels.

Figure 4.27. Total Reduction in Network Footprint for Seven Placement Mechanisms
Using 1 GBto 1 TB and ox = 0.65

The Figure depicts the results for different sizes from 1GB to 17 B. For example,

the total traffic reduction in the Centrality mechanism is 1.8 for 1GB cache sizes, for
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10GB is 6.7, for 100GB is 10.2, and for 17B is 25. Therefore, the conclusion is
that when the cache size increases, the total reduction in the network footprint also

increases. For example, the result of Centrality is 1.8 in 1GB cache size, and the result

of Probis 25.2in 17 B.

4.4.4.6 Total Reduction in the Network Footprint Using 1 GBto 1TBand ot =2.0

The Table {.3] is explained in Figure {.10] the total traffic reduction for seven
mechanisms in four cache sizes. Therefore, it can conclude that the Centrality
mechanism has the worst total traffic reduction values in the 1GB to 1T B cache sizes.
If focusing on the average results, the Prob and LCD mechanisms obtain the best
mechanism over the average results of all cache sizes. The results show that the
total traffic reduction performance metric increases when cache size increases. With
larger caches, repeated content requests (common in VoD) are increasingly satisfied
in-network. This prevents duplicate requests from being sent upstream multiple times,
particularly for popular video segments. This is especially relevant for VoD, where a
small number of videos account for a large portion of the traffic (Zipf-like behavior)
[295]]. At the same time, when the Zipf distribution is increased from o = 0.65 to
o = 2.0, the total traffic reduction performance metric is also increased.

Table 4.8
Total Reduction in Network Footprint for Seven Placement Mechanisms Using 1 GB
tolTBand @ =2.0

Cache Size LCE LCD PProb Prob Rand Centrality Cross

1GB 3.6 52 3.2 4.1 3.5 29 4
10GB 7.1 11.5 8.1 7.9 9.6 6.1 7.8
100GB 16.8 18.6 17.6 183 185 11.5 17.3

1TB 231 238 273 267 259 14 25.6

Average 12.65 1478 14.05 14.25 14.38 8.63 13.68
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Figure 4.28. Total Reduction in Network Footprint for Seven Placement Mechanisms
Using 1GBto 1TB and ox = 2.0

4.4.5 Functional Requirements of VoD in NDN

There are many challenges of caching video in NDN due to its large scale. Thus,
specific requirements are needed to solve these challenges of caching VoD in NDN
by linking them to the reviewed literature and then used in the proposed CPVP

mechanism. The functional requirements are:

1. Minimising hop distance by caching near the consumer in the proposed CPVP
mechanism to enhance the QoS for the end-users, resulting in a total reduction
in network footprint.

2. Minimising the latency time that results in the average of the E2EDelay.

3. Avoid redundancy to increase the cache diversity by caching once in CPVP.

4. Enhancing the memory utilisation by increasing diversity in CPVP that results
in increasing the average hit ratio and server load reduction due to the limited
cache size and large scale of video.

5. Increasing diversity by dividing the video into three parts and caching each part

in the router in CPVP.
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These functional requirements are used to design the new explicit Coordinated Cache
Placement mechanism via Video Partitioning (CPVP) in NDN during VoD services, as

will be explained in the next chapter.

4.5 Summary

In this work, the seven cache placement mechanisms are evaluated (LCE, LCD, PProb,
Prob, Rand Cross, and Centrality) using different cache sizes (1GB, 10GB, 100GB, and
1T B) during VoD workloads to provide a deep understanding of the features of these

NDN cache placement mechanisms by performing an empirical evaluation.

According to the results, it can be concluded that the Centrality placement mechanism
is the worst one in all performance metrics, which are average hit ratio, average
E2EDelay, server load reduction, and total reduction in network footprint. The Prob
mechanism got the best time delay results, and the delay time was lowest by the PProb
and LCD mechanisms. The LCD, Rand, and Prob mechanisms achieved the highest

average hit ratio among the three mechanisms in sequential order.

Furthermore, the server load reduction performance metric is given the highest value
in LCD, Prob, and PProb placement mechanisms. At the same time, the results of Prob

and PProb mechanisms are the best in terms of total network footprint reduction.

Additionally, increasing the cache yields the highest results for all seven mechanisms.
At the same time, the results are enhanced for all seven placement mechanisms when

the Zipf distribution is increased from o = 0.65 to o = 2.0.

In general, it can be said that the Prob method had the smallest time delay and provided
adequate results for the performance criteria that were looked at. It yields the greatest

results for the typical cache hit ratio, overall network footprint reduction, and server
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load reduction for various cache sizes. These results make it a big challenge to
enhance these performance metrics by designing new mechanisms. Therefore, the

first objective is achieved in this chapter.

Overall, the Prob method demonstrated the smallest time delay and yielded satisfactory
results for the examined performance criteria. It yields the greatest results for the
typical cache hit ratio, overall network footprint reduction, and server load reduction

for various cache sizes.

These results make it a big challenge to enhance these performance metrics by using
the functional requirement to improve the placement caching mechanism in NDN
during VoD services. This enhancement is achieved by designing new mechanisms.
Consequently, this chapter accomplishes the first goal. The functional requirements
are minimising hop distance by caching near the consumer to enhance the QoS for
the end users in order to minimise average E2EDelay. The other requirement is to
avoid redundancy to increase the cache diversity, which leads to enhancing the memory
utilisation, the average hit ratio, and server load reduction due to the limited cache size

and large scale of video.

These functional requirements are used to design the new explicit Coordinated Cache

Placement mechanism via Video Partitioning (CPVP) in NDN during VoD services, as

will be explained in the next chapter.
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CHAPTER FIVE
DESIGN COORDINATION CACHING PLACEMENT BY

VIDEO PARTITIONING (CPVP)

5.1 Introduction

Video on Demand (VoD) is a significant contributor to global network load, with
streaming services like Netflix, YouTube, and Amazon Video enabling users to watch
videos from various sources at any time and on various devices. With an expanding
user base, many people under the age of 32 have grown up using VoD services
without regular cable subscriptions [298]. Future systems (NDN) must run Content
Delivery Networks (CDNs) geographically dispersed to make VoD streaming scalable.
However, VoD’s high daytime usage and adaptation to user demand have a negative
impact on CDN performance, resulting in costly over-provisioning, traffic spikes, and
reactive content eviction [299, [15] 300]. To meet future streaming VoD estimates
of hundreds of millions of users, new mechanisms are required to improve content
distribution effectiveness. However, according to content caching, it is simultaneously
a challenge for NDN to meet QoS requirements to solve the problem of guaranteeing
services in NDN and network delay, besides improving the overall performance of

content delivery.

This chapter comes up with a new way to place caches by moving on from
independent caching placements like LCE and implicit coordinated caching like LCD
and Prob. It then suggests the explicit coordinated caching placement mechanism
named Coordination Caching Placement by Video Partitioning mechanism (CPVP) to
cut down on cache duplication and improve the network’s content distribution diversity.
To this end, a structure of NDN in the new placement caching mechanism was
introduced that allows neighbouring CRs to cooperate to prevent redundant caching

and to satisfy each other’s requests that can’t be met locally. In Chapter Six, we
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used analytical modelling and simulation tests to evaluate the effectiveness of the
coordinated caching mechanism. It greatly reduced cache redundancy and raised the

cache hit ratio.

This thesis aims to design the CPVP by identifying three schemes that have the
potential to address the future network for VoD content in NDN while also providing
theoretical proofs. Our first scheme is the design of the Video Aggregation Scheme
(VAS), which explains how the network aggregates the content of interest video to
minimise the hop distance. In addition, it labells all the routers in the path. Our
other two schemes use this labelling. This focus will benefit VoD providers, such
as YouTube. Our second scheme involves the creation of a Video Caching Decision
Scheme (VCDS), which employs an explicit partitioning placement mechanism on
the path. This mechanism relates to whether the router caches the videos or not, and
where each router maintains a copy. It adopts caching the three blocks of video chunks
in three different routers on the path nearest to the consumer (the edge router and its
two neighbours on the path). Our third scheme concentrates on the in-network caching
of the Video Partitioning Scheme (VPS). We introduce a design of VPS that partitions
large-scale video content into three blocks of chunks and distributes them across three
routers. The term "block" denotes the multi-chunks stored in CS for identical video
content, while "chunk" or "segment" denotes the portion of the video content that
travels on the path to reach consumers. However, each video segment should contain
multiple chunks according to a scalable video coding dataset (DASH/SVC dataset).
Thus, the routers cache one-third of each video request, contributing to the overall
cache efficiency by minimising memory consumption. Therefore, these three schemes
will design CPVP to minimise the average delay. Simultaneously, it will result in a
significant increase in both the overall network footprint reduction and the average hit

ratio.
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This chapter introduces a novel mechanism, known as the CPVP mechanism, for use
in NDN during VoD services. Section[5.2]illustrates the NDN network model. Section
conducts a theoretical analysis of the problem, followed by a determination of
whether coordination is necessary for the best placement caching or not. Section [5.4]
explains the design of the CPVP mechanism, which requires creating four cooperative
tables and designing three mechanisms: VAS, VCDS, and VPS. Section @] then
demonstrates the process of verifying and validating the newly designed mechanism.

Finally, this chapter ends with the summary in Section[5.6]

5.2 Network Model

The NDN cache placement mechanism can benefit from a hypergraph’s characteristics.
Hypergraphs establish a relationship between the edge nodes and the midpoint nodes.
However, each hyperedge can connect more than two nodes, modeling the multicast
nature of NDN communication, where a content request might involve multiple routers
and nodes. Therefore, determining the cache path capacity is the first step in this
research. We consider a network N using hypergraph G = (V, E) to model the
NDN network, where V is the set of nodes (e.g., router, server, and user) and E
is the set of connections between V in NDN called edges or hyperedges. Whereas,
V ={vi1, va, ..., v, } is the subset of CR (i.e., having the capacity of caching). Whereas
the set of edges is E = {ey, e2,..., e, } with ¢; € E for i =1, 2, ..., m, is the set of
hyperedges. The other type of graph is the standard or simple graph in which each
edge can only connect a maximum of two nodes. Obviously, the graph is the standard

graph when | ¢; |=2,i=1, ..., m.

While the size of a standard graph is uniquely determined by n and m, the size of a
hypergraph also depends on the number of its hyperedges; we define the scope of G as

the sum of the number of elements in its edges:
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size(G) =Y | E;]| (5.1)

e;€E

It is important to note that there is a one-to-one correspondence between hypergraphs
and Boolean matrices. Indeed, a hypergraph’s incidence matrix refers to any n *m
matrix A = [a;;] such that a;; € {0, 1}, where each column j with a hyperedge e; and

each row i is associated with a vertex v; in a hypergraph G.

A hyper-arc is an ordered pair of (probably empty) disjoint subsets of vertices, E =
(X, Y); whereas, X is the end of E while Y is its start. In the following, the X and
the Y of hyper-arc E are represented by 7 (E) and H(E), respectively. So, assume that
N = (V, E) is a hypergraph while f and s are two distinct nodes, the sink and the source,

respectively.

The partition of V is a cut Ty, = (V;,V;) where V; and V; are two subsets so that r € V;
and s € V. The cut given Ty, its E; cut-set is the subset of all E hyper-arcs so that
H(E) CV;and T(E) C V5. Remember that, ¢ is no need to disjoint from s by deleting
the hyper-arcs of a cut-set [89]. Here, we assume that the subset contains three edges
of neighbour routers; see [301 82,1302, 303} 304]. So, we assume the sub-set is Ey; =

{v1, v2, v3} on the path to the source V;.
Using a popular network, the Tree network architecture in NDN, the study’s suggested
hypergraph model is demonstrated. Thus, the new model description is defined by

hypergraph theory as shown below:

T is a network topology which includes a set of E edges and V vertices as:

148



Figure 5.1. Tree Topology

T = (V,E) (5.2)

Such that Tree topology supports the NDN formula as:

T'=(V,E) (5.3)

Whereas V may be a router server and user, if we assume that V is a set of
routers, R. Thus, V = Ry,R(,R>,...,,R16,R17 and E = ey,es,e3,...,e16,€17. By the
Internet homogeneous, each edge contains a significant pair interconnection as e;.
This means that :e; = Rg,R;,eo = Ro,R3,e3 = R{,R3,e4 = R{,R4,e5 = Ry,R5,¢ =
R3,R6,....... ,e17 = Ry1,Ry7, while Ty = {R12,R¢,R3} is an example of a subset if the

consumer asks a request from the router Ry, as shown in Figure [5.1]

For example, if a consumer initially requests video from R, but doesn’t locate it until
reaching R, the video is then sent back to the consumer and cached in three different

blocks within Subset L(i). If a consumer requests a previously viewed video from R3
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and finds it within one hop distance, the video is returned to the consumer without

being cached again.

In NDN, the measured latency rate between two content routers (CRs) R; and R; can
be determined by determining the static distance d;; between them. The routers’
capacity in that direction can also influence the latency rate. It is anticipated that
k—1 CRs in V closest to the CR R; will cooperate with it, with "closest" referring
to the smallest distance. Our goal is to avoid caching the same chunks in these
CRs. Thus, in the specific case of VoD service delivery, we use latency as a primary
parameter to determine the distance length, ensuring smooth video streaming and

minimal buffering. For a variety of reasons, we use latency as a primary parameter:

1. We hope to reduce the delay. Video chunks that are not under the CR’s
responsibility R; must be collected from cooperating R; neighboring CRs.
Therefore, the RTT from R; to any of its cooperating CRs should be minimised
to ensure video continuity.

2. We don’t care about bandwidth issues. The distance must take into account the
capacity of the connections because bandwidth in conventional video services
is an essential constraint. Nevertheless, most of the servers are subject to
this constraint. The distributed and multicast nature of NDN, coupled with
the high performance of the new generation of CRs, would overcome the
bandwidth limitations. Therefore, when considering distance, we disregard the

CR bandwidth and instead validate the latency constraint.

However, L(i) is the sub-set of closest CRs to V. Hence, L™ [i] is the set of L(i) U{R;}.

Initially, every CR should define its labell L. Our goal is for each CR to be as close
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to all the various L(i) as possible, not just its labell. By L(i), we note that of the
k —1 CRs have the other kK — 1 labell which is collectively the closest to R;. We
use this labelling in the design of the proposed CPVP cooperative caching placement
mechanism, particularly in VAS. We labell each router on the path from the consumer
until the data is received. This allows us to identify the three nearest routers to cache
with the proposed VPS if VCDS decides to cache the video, as we will explain in detail

in Section [5.41

The total distance in a hypergraph network can be defined as the sum of all pairwise
distances between nodes within the hyperedges of the hypergraph. The total distance
can represent the efficiency or cost of data transfer across a network involving multiple
interacting nodes such as capacity, hop distance, and latency. The total of distances d;
between an offered CR R; and the CRs in L(i) is referred to as the R; rainbow distance,

while d; is calculated as in Equation

di= Y d (5.4)

rjEL[i]

It is NP-hard to determine the optimal labell assignment, i.e., the goal is to minimise
the sum of all rainbow distances [305]]. The rainbow distance, on the other hand,
entails identifying the best route across numerous hyperedges, acting as a theoretical

expansion rooted in the variety of paths and distances found in hypergraphs.

To prove our CPVP mechanism’s performance rate, we start with the lower bound
description. Because of an instance of the problem, a lower bound solution can
determine by setting that each CR with its nearest CRs collectively store the k labells,

formally L(i) = N(i) for each CR R;.
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In NDN, fractional distance could represent the distribution of retrieval costs across
different paths to fetch a data chunk, accounting for cache proximity, path diversity,
and network congestion. In such a case, the fractional distance might be used to
indicate how a request for a data chunk is split across multiple cache locations or
retrieval paths to optimize delivery. Thus, we name the fractional distance, referred
to as d;, the sum of the length of the distances between a CR R; and its nearest CR

neighbors, so

di= Y d (5.5)
rjeNTi]

This research indicates that the proposed CPVP mechanism can more effectively
use Hypergraph to achieve the goals set out in Chapter One. The NDN cache
placement mechanism can utilise hypergraph attributes. The study aims to improve
where NDN caches are placed by looking at the cache path capacity of hypergraphs
and showing how edge and the midpoint nodes interact with each other. In coordinated
caching techniques, the caching strategy entails collaboration across numerous nodes
to enhance data placement. Hypergraphs can effectively express the relationships
between nodes and the data they cache, thereby modeling this cooperative behavior.
In VoD, a hypergraph can depict each hyperedge as a collection of nodes working
together to cache a particular piece of content due to minimise the cost of data transfer
across a network involving multiple interacting nodes such as capacity, hop distance,

and latency.

5.3 Theoretical Analysis

This section delves into the analysis of the content placement problem, concluding

that the implementation of new caching placement is crucial. Next, we will examine
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both coordination and non-coordination placement strategies to determine the most

effective approach for the VoD workload in NDN.

In this section, we formulate and perform an analysis of a content placement issue.
The content placement issue pertains to the distribution of video chunks to the cache
nodes, with the aim of minimizing the cost of caching placement, such as hop distance
and capacity. Whereas the distance is discussed in Section [5.2] to be minimised
using hypergraph and cooperated caching placement to avoid content redundancy
and inefficient routing paths. However, the simultaneous handling of multiple online
video requests can strain the network’s performance, particularly impacting caching
placement mechanisms for high VoD workload periods. Content redundancy and
inefficient routing paths make this stress even worse, leading to long End-to-End Delay
(E2EDelay), heavier server loads, and even sudden network interruptions [71]. In VoD,
the main reasons for these problems are limited cache space and large video scale that

will be proved in Subsection [5.3.1]

However, the important part of the problem is that the simultaneous handling of
multiple online video requests can strain the network’s performance. This part is
represented by A.;, which is the average request ratio for chunk c at router R;.
The subsection [5.3.2] proves the effect of the average request rate and analyses the
coordinated and non-coordinated caching placement based on the request rate to find
the better one. Moreover, we use chunks because using chunks for video transfer
is often considered better than traditional segmentation because chunking helps to
minimise latency and optimize bandwidth usage, leading to smoother streaming
experiences, especially in adaptive streaming protocols. Table contains some
important quotations related to the proposed model, which can facilitate a smooth

discussion.
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Table 5.1

Related Parameters in Model

Notation Definition

Ai
20
k+C
k*)ti

The cache nodes set.

original server that collects all chunks in V.

router that has a limited C(i) cache capacity.

The average of request ratio for chunk c at every router R;.
The percentage p of request for chunk c.

The frequent request of chunk c at router R;.

The router that request chunk c.

The intermediate router deliver request message.

The hop distance reduction to cache the chunk c at router
R; for request chunk R..

The binary variable show whether cache chunk ¢ on router
R;.

The total number of chunks.

The maximum cache capacity of router R;, taking chunk as
the unit.

The node i that caches the chunk c.

The cache miss rate in coordinated routers.

The cache miss rate of a single cache i without
coordination.

The number of coordinated routers in V.

The average object residence time in the cache i.

The average object residence time in the coordinated cache
i.

The request rate of a single cache i.

The cache miss ratio of chunk i is

Coordinated group of cache size.

The delivery rate of user request at a single cache.

5.3.1 Analysis of Modeling Content Placement Problem

In this section, we formulate and perform an analysis of a content placement issue.
The content placement issue pertains to the distribution of chunks to the cache nodes,
with the aim of minimizing the cost of caching placement, such as hop distance and
capacity. Content redundancy is one important reason for making the problem even
worse, leadinln NDN, customers demand data by submitting an Interest that explicitly
addresses a content file’s Data chunk. Each NDN router contains a content store (CS)
to cache Data. The caching placement mechanism determines if and where to cache

the video chunk. By default, NDN caches data as LCE on every router visited by the
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data [306]. Thus leads to redundancy that wastes the caching capacity. A potential
solution is to selectively cache content only on the three-edged router and partition this
video to these three routers. Whereas, the three-edged router refers to the edge router
and its two neighbor routers on the path. This solution is to reduce data redundancy,
memory length, the lag and loss data packet. This also good to increase memory
usage, diversity which leads to increase average hit ratio, and E2EDelay. It has been
impractical to achieve this solution with file popularity because of multi reasons. These
reasons are involving to rate a large number of files when new data inserted, increment
in demand, in addition to a large VoD file. Therefore, partitioning out video files at
the edge, whereas, our design of placement mechanism spreads a file over multiple
routers along the three edge’s path from the client to the source, with the head nearer
the client and the tail nearer the source. There are multi functional requirements to
achieve this:g to inefficient memory utilization. However, limited cache size and large
video scaling are the main reasons for long E2EDelays, heavier server loads, and even

sudden network interruptions.

Each node can cache or not the passed data, whereas the server must cache it all.
Simultaneously, the servers and users exert influence on the nearby cache nodes. The
system transmits all videos in chunks, with each chunk having the same size as the
basic cache unit. A server n. is an original database that collects all chunks in V. The
forwards of the relevant video rely on the forwarding entry of FIB, which is established
through specific routing mechanisms. Each video is delivered in multiple chunks.
Therefore, calculate the request rate for each interest chunk instead of the request
rate for interested video. Each R; is a router that has a limited C(i) cache capacity.
Furthermore, assuming that every R; node delivers request messages (Interest chunk)
at a rate of A.; with a percentage of P. of requesting chunk c. Therefore, A ;* P.

demonstrates the frequent request of chunk c at router R;.
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Here, we introduce the concept of content placement with optimal memory utilization,
illustrating how cached content reduces path length. For instance, chunk c is requested
from router R, and forwarded to its original server n.. Hence, path (R., n.) =R., ..., n¢
is the forwarding path of the request between R, and n.. If an intermediate cache
router R; is satisfied with the request message, then the path will be decreased to
Rc,..., R;. Thus, the reduced length R;, ..., n. is demonstrated as the benefit d. ; of
content placement. The path length value equals the hop count from the caching router
to the server on the distribution path. Note that, b, ; is a positive integer if R; is on the

path (R, n.). Apparently, if R; not in the path (R, n.), then b, ; equals to zero.

The maximization problem commonly found in optimization scenarios such as
network resource allocation, content caching, or traffic management in NDN as

follows:

Max )" Y Aci-Pe-dei-bei (5.6)
i€V ceC
ct Y P=1 (5.7)
ceC
bei=0/1 (5.8)
Y bei <C() (5.9)
ceC
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This optimization model is likely trying to maximise network performance by
adjusting content placement, bandwidth allocation, or routing strategies. In many
network or caching scenarios, the goal is to reduce latency, minimise cost, or optimize
bandwidth while ensuring that content is delivered to users or nodes efficiently. Where
n; is the node i that caches the chunk ¢ with the average request rate of this chunk
Aci. P refers to the probability of chunk c¢ to be available, which reflects the
popularity of the chunk. The availability of chunks refers to the accessibility of
data packets (called "chunks") that are named and cached across the network. NDN
focuses on content-centric communication, where data is requested by name, and once
retrieved, it is cached at various network nodes, allowing future requests for the same
content to be served from nearby caches instead of the original server. Frequently
requested chunks are more likely to be cached across multiple nodes, improving their
availability. Popularity-based caching strategies can ensure that commonly accessed
content remains readily available in different parts of the network. While d. ; refers
to the benefit of placement caching chunk ¢ at node R; for the request from node R..
While b, ; denotes a binary variable which equals to 1 if the chunk ¢ caches at node
R;. In conclusion from Equation 5.9 the capacity is a constraint for each cache node;

hence, the proposed cooperative caching is needed.

5.3.2 Analysis of Coordinated and non-coordinated Caching Mechanism

The performance of the proposed cooperative caching approach is now analyzed based
on a theoretical perspective. Overall, the performance metric is the rate of a cache
miss. In this subsection, we focus on the miss rate instead of the hit rate which is more
informative and critical, due to the importance of optimizing system performance or
identifying inefficiencies. In a caching system, for example, a cache hit means data
was successfully retrieved, while a miss triggers additional latency and resource use.
Understanding the miss rate helps system administrators focus on reducing delays and

improving performance. Therefore, the performance of an excellent system gives little
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cache miss ratio.

The simplified design of the proposed cooperative caching method in NDN was
compared (represented in Figure[5.2) with two caching methods which are the parallel

structure of k CRs (see Figure and k£ CRs connect in a series circuit (see Figure

54).

The proposed cooperative caching design with & homogeneous caches working
together in Figure [5.2] to theoretically analyze the caching performance of the
collaborative caching architecture and non-cooperative caching architecture. However,
K refers to the number of routers, while homogeneous means that each router get
same size of CS. Based on this analysis, the significant characteristic time 7; identify
of caching, A is a function of processing the request arrival. In contrast, C is the
cache size, as well as the pattern of request. There are two concepts for the design
of hierarchical caching, which are categorized as parallel and series caching. The
principles of design are then employed to manage the structure of the cooperative
caching. The performance of the proposed structure design as coordinated caching
establishes to be superior to the structures of traditional hierarchical non-cooperated

caching, as shown in Proposition 1 and Proposition 2:

Every cache store separates chunks and creates a group of cooperated cache size kxC.
The LRU replacement mechanism is used on every single cache to ensure that each
group of CRs evicts its video file at the same time. Although the coordinated caching
placement mechanism group is not precisely at the same time on each router in the
group, thus, the delivery rate of the users’ requests at the approximating single cache
is kx A;. In conjunction with Che Y. et al [153]], the cache miss rate created by the
cooperative group group is defined as A'= k Aie ¥4t 1 cooperated systems, multiple

caches work together to share and retrieve content, improving overall efficiency and
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Figure 5.2. Coordinated Caching

reducing individual cache miss rates. Whereas, lie_kliff reflects how cooperation
among caches helps reduce the miss rate. The exponential decay factor, e kAT,
captures the impact of the cooperation. Thus, if the number of cooperated routers
k increases, or if object residence time Ti\ increases, the miss rate decreases. For
example, if we have 3 caches, k = 3, in a cooperative caching system, and the original

miss rate of an individual cache is A; = 0.05, the coordinated caching system’s miss

rate A >will smaller than A;depending on the average object residence time T; .

The first structure is an individual parallel cache as in Figure homogeneous
caches k of a cache size C are linked to a server. Every cache delivers a request of
video chunk i with a request rate equal to A;. A cache miss occurs when chunk i is not
in cache. The cache miss ratio of chunk i is represented as /11.0. Thus, the ratio of the
total cache miss for the k caches is A, = k.?LiO = k.Aie ™%  where 7, is the maximum

interarrival time of the chunk i between two neighboring cache hits [307, (155} 308]].

Proposition 1:

Coordinated caching achieves at least similar performances as the non-coordinated
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Figure 5.3. Non-coordinated Parallel Cache

Figure 5.4. Non-coordinated Cache in Series

parallel caches.

Proof The proof begins by acknowledging that the function f(7;) = e%% is both
continuous and monotonically decreasing. In order to prove that A > A’ for any k € N
and C € N. The function u(;) = Y7, . f (1) =X, e~*i% is also continuous
and steadily over time decreasing since u(7;) is the sum of f(7;). According to [307,

1551308, 7; and 7; can be derived by the specific these Equations:

X (1=e*47) ke (5.10)



Since C € N, and k € N then obtaining

N N
Z e*kjl’,‘ Z Z e*k.ljfi

J=1j# J=1j#

As u(7;) is monotone reducing, it can be concluded that 7; < k7;. Because f(7;) is also

monotone reducing, to know that:

e HT > ¢ThAT (5.11)

Multiply both sides of Equation (5.11]) by kA;. The proof follows.

The second structure is the non-coordinated cache in series as demonstrated in
Figure For each cache, the request ratio A from the customer i is still identical
and denoted as A;. The missed stream forwards to the next-hop cache on the path to
the server, instead of forwarding it straight to the server. The missed stream l,?i of the
cache k is the missed of the multi-cache stream system because only the kth cache is
linked to the server. Therefore, discovering the expression of l,?l. is the convergence
point. Whereas, a convergence point in a network is where multiple paths, data flows,
or connections come together, playing a crucial role in routing, data distribution, and
network efficiency. It is not easy to conclude l,?i, even though the structure is simple,
since the exact distribution function of the missing stream flg(t) includes an infinite
number of terms [307, [155, 308]]. Consequently, the precise miss ratio cannot be
deduced due to computational complexity. However, the delivering request ratio at
the kth cache is A; = 1.A;, where 1 is a constant and 1 <1 < k. Let the miss rate

be a function f,g of A;, to have fk(z =)= 1A;e %% Recall that the miss ratio of
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coordinated caching is ;= A= k Ae 4,

Proposition 2 Coordinated caching achieves, at most, a similar max miss rate as the

non-coordinated caches in a series.

Proof In order to prove that, for any C € N, and k € N since have max ( f,g) >

max ( f 1) The value of 7;; can be delivered as follows:

i (1 —e—’%fkf) —C (5.12)

J=1j#

Instead of directly comparing 7;; with 7;, another variable 7; was used to setup the

below Equation:

% .<1—e_k'ljf’f> a (5.13)

Since k > 1, combining Eqgs. and [5.13] We have 7;; < 77. Applying the same

method as that in the proof of on Egs. l, , obtaining that 7} < 7} > ;.

The first deviation of fk(l). =0 1is:

lefllifki_*_lli‘e*llifki‘(_lfki) =0 (5.14)

then A; = (17;) . The second derived of flg is less than zero, so
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max ][ :(e.‘cki)_l (5.15)
ki
similarly,
max ][ = (e.7))! (5.16)

Since 7;; < 77, then it can be conclude that

0

max ][ > max (f,) (5.17)

ki

Notice that the exponential value of {7 reduces more quickly than f,g, which indicates
that the proposed coordination caching has at least similar performance for highly
requested videos and better performance for medium requested videos. Therefore,
cooperative placement caching is stronger than non-cooperated placement caching. To
summarize, both the parallel and series non-coordinated models are less effective than
the coordinated model. We expect the proposed design, which combines cooperated
and series methods, to outperform the standard NDN and have a higher cache hit ratio.
Therefore, we propose a mechanism that coordinates caching placement by dividing

the video into multiple coordinated routers along the path.

5.4 Coordinated Caching Placement by Video Partitioning (CPVP)

In NDN, customers demand data by submitting an interest that explicitly addresses a

content file as chunks of data. The caching placement mechanism determines whether
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and where to cache the video chunk. By default, NDN caches data using the LCE
cache placement mechanism, which caches it on each router it visits. This mechanism
results in redundancy, which wastes the caching capacity. So, the first goal of this study
is to test and implement the seven cache placement mechanisms for VoD workload in
terms of their average E2EDelay performance. This will help us meet the functional

requirements listed in Chapter Four and come up with a solution.

A potential solution is to design the proposed CPVP mechanism that selectively caches
content only on three routers and partitions this video’s file to these three routers. One
of these three routers is an edge router; the other two are neighborhood routers along
the path. This section provides a detailed explanation of the CPVP mechanism. This
solution reduces data redundancy, memory length, latency, and average hop distance.
It also enhances memory usage and diversity, resulting in a higher average hit ratio,
higher server load reduction, a higher total reduction in network footprint, and a
reduction in E2EDelay. It has been impractical to achieve the solution of proposing
CPVP to cache video based on its popularity for many reasons. These reasons include
rating many files when new data is cached, increasing the demands, and a large VoD
file. These factors are likely to exacerbate the issue rather than provide a solution.
Therefore, our design of the placement mechanism CPVP spreads a file over three
routers on the path from the client to the source, with the head nearer the client and the
tail nearer the source. This chapter provides a detailed illustration the design of CPVP
mechanism with it’s three schemes VAS,VCDS, and VPS, which satisfies multiple

functional requirements to enhance the QoS for the end user, as follows:

1. Minimizing hop distance that result in the total reduction in network footprint:

a) Design the VAS that transfers entire video chunks from the server to

the consumer or aggregates three blocks of video chunks from three
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b)

neighboring routers, then forwards them to the consumer. In addition to
labelling all routers in the path with the number of the router sequence. For
more details, see Section[5.4.2]

Design VPS for more attention to precious cache space that is close to
clients. The first block of the video at the edge stores closer to the
consumers, while the second and third blocks store at the two neighbors
on the path. This valuable resource of each router can share more files.
Therefore, the decision of store or not and where to store is achieving by

the proposed VCDS.

2. Minimizing latency time that result in the average of the E2EDelay:

a)

b)

d)

Utilising the basic NDN forwarding mechanism in our design because it
considers as the best forwarding mechanism according to the study of
Aloulou et al. [65] they stated that by comparing it with four forwarding
mechanisms. That is because it offers the lowest throughput with minimum
latency time.

Using the Least Recently Used replacement mechanism (LRU). However,
it bases on time and time is very important for a video request. Therefore,
it deletes the oldest data, which leads to avoiding occupation and reducing
latency.

Design VCDS that aims to reduce transmission latency by gradually
saturating the edge of a cache network through in-network caching.
Design VPS, that cache the head chunks of video near to the consumer,
because past studies [82, 309, 306, 310] indicate that users prefer to
discontinue downloads. Hence, head chunks of video are more common

than tail chunks. For more details, see Section [5.4.3]

3. Avoiding the data redundancy:

a)

Design the VCDS that decides to cache the same data one time if and only
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if the hop distance X is more than three and the sequence of current router

is less than four (X > 3 & R < 4) as explained later in details.
4. Enhance the stability of caching placement, leading to a higher cache hit ratio:

a) Design VCDS by using simple conditions (X > 3 & R < 4). However, this
condition does not base on popularity to avoid complexity and occupied

cache due to the large size of video.

5. Enhancing the memory utilization and increase diversity that result in increasing

the average hit ratio and server load reduction:

a) Design VPS that partitions a file into three blocks. Each block of chunks is
a cache at the three neighbor routers. For content such as video, the user-
perceived latency based on how soon the application will have sufficient
chunks to start. Retrieval delay for certain pieces will mask the amount of
time it takes for the device to retrieve the head [311]]. Hence, this scheme
increases the average hit ratio.

b) Assuming homogeneous capacity is used for the caches. However, our
work can immediately extend to the network topologies where caches have
different sizes (i.e., for the case where cache m € [1 : N| has capacity Kp,).

c) Design a coordinated cache placement by partitioning video, CPVP, and
assuming that all three parts of the video are available in all these three
routers at the same time, our solution module will perform replacement
based on Least Recently Used (LRU) mechanism. Saxena et al. [33,[163]]
emphasised that LRU holds high performance and has the potential of the
increasing cache hit probability through the storage of the most recent data

for extra time.

Our placement design calls the default replacement mechanism; whenever the data

chunk arrives at the cache node, the conditions are satisfied (X > 3 & R < 4) and the
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cache space is full. The study of Melchizedek et al. [312] stressed that LRU and Least
Frequently Used (LFU) are the main cache replacement mechanisms, in addition to
using just one parameter to make the substitution definitive. We will incorporate the
LRU replacement mechanism into our design for the reasons mentioned previously.
On the other hand, if LFU is used in our model, then CS occupation occurs with large-
scale data due to these mechanism challenges, particularly the video, which will result
in more time spent using LFU than LRU. Future networks are planning to integrate the
ubiquitous caching program. Our new placement mechanism contains three schemes to

support VoD networks and reduce network performance delays. The CPVP algorithm

is known as 5.1k

Algorithm 5.1 Coordination Caching Placement by Video Partitioning Mechanism
(CPVP)

//IGetting the initial values
R;=get_Sequence_of_Router (CPIT);
X=get_total_hops_to_Source(CDC);
N=get_total_chunks_no_in_file V;
R;=get_Sequence_of Router (CPIT);
ID=get_content_id (CDC);
Chunk_SN=get_chunk_sn (CDC);
Data_chunk = get_Data_chunk_of_fileV;
On receiving CooperativelnterestChunk requesting i —th chunk of file V
if VAS() then // if the video aggregate is satisfied
if VCDS() then call VPS() //if deciding to cache then partitioning the video
ForwardCooperativeDataChunktoward consumer;//forward the data chunks to
consumer
else// The video is still not aggregate then continue try to find the interested chunk
Forward CooperativelnterestChunk toward source.

The CPVP mechanism does not require any centralized network management or
additional high-burdened control overhead. It simply operates in every NDN’s router
in a distributed manner. CPVP conceptual model is shown in Figure [3.2] It shows
how the VAS algorithm [5.2] the VCDS Algorithm [5.3] and the VPS Algorithm [5.4]
are all linked in the flow chart. To achieve these goals, we update the basic tables of

NDN by incorporating new fields, as detailed in the upcoming Subsection [5.4.1] The
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general concept of how our design works is based on many steps that are clarified in
this section. However, Section @ goes into more detail about how to combine the
video data chunks from the three routers. Subsection explains how the video
caching decision mechanism works, and Subsection [5.4.4] talks about how to partition

videos into three parts sequentially.

5.4.1 Create Cooperative Tables

In NDN, especially during VoD applications, cooperative cache placement involves
distributing video chunks across different caches in a network to improve efficiency
and reduce latency. In this context, cooperative tables serve as shared data structures
or information repositories, assisting multiple cache nodes in coordinating the caching
and retrieval of video content. These tables hold crucial data regarding the caching of
specific video chunks at different nodes, thereby guiding caching decisions to enhance

performance.

Cooperative tables are pivotal in enhancing NDN cooperative caching because they
facilitate effective coordination, sharing, and management of cached data among
multiple nodes in the network. By ensuring efficient storage, retrieval, and
management of content, these tables enhance caching performance. Cooperative tables
are crucial to improved cache coordination due to their impact on reduced redundancy
and increased efficiency in storing and retrieving content, leading to better use of
available cache space. They are important for enhanced load balancing that leads to
more reliable performance, particularly in high-demand scenarios, such as streaming
services or VoD. Utilising these tables reduces unnecessary cache evictions and ensures

the availability of the most valuable content, thereby improving cache utilization.

Cooperative tables facilitate cooperative caching, which lowers network latency by

retrieving content from the closest cache. NDN nodes can improve content delivery
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times and decrease overall user delay by using these tables to track the location and
availability of cached data rather than fetching it from far-off servers. Cooperative
tables help NDN networks scale by distributing cache management across multiple
nodes. Instead of relying on a central server or cache, nodes can autonomously
manage their caches and share information through cooperative tables, which allows
the network to grow and accommodate more users without suffering from performance
degradation. Thus, cooperative tables enable scalable caching solutions to handle
increasing content demand without overwhelming individual cache nodes or servers.
Cooperative tables are fundamental to enhancing NDN cooperative caching by
providing mechanisms for cache coordination. By leveraging these tables, NDN
networks can achieve greater efficiency, scalability, and user satisfaction, especially
in high-demand environments like video streaming or VoD systems. Incorporating
cooperative tables in the NDN framework addresses several significant challenges and

limitations, making caching and content retrieval more efficient and scalable.

While cooperative tables greatly improve the performance and coordination in NDN
caching systems, they also introduce challenges related to complexity, scalability,
security, and privacy. Addressing these challenges requires careful design to balance
the benefits of cooperation with the overhead and potential vulnerabilities that

cooperative tables can introduce. We try to solve these challenges include:

1. Increased Complexity and Overhead
Managing and maintaining cooperative tables across multiple nodes increases
the system’s complexity. Each node must share, synchronize, and update
information regarding cached content, which requires frequent communication
and resource sharing. This creates overhead in terms of bandwidth and
computational power.

To address this issue, we only update our tables along the data’s path. We base
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the length path on the location of the data. In our design, the worst-case scenario
involves finding the data on the server. This scenario occurs once for each
unique request. The other scenario involves locating data on the intermediate
node before it reaches the server. In the second scenario, our design employs a
subset of three routers, so the consumer will find the data primarily in the first
three routers. Therefore, data sharing will only occur on the subset of routers,
not on the larger network. Our design adopts a simple condition to minimise
sharing and complexity costs. Therefore, our design does not rely on popularity,
eliminating the need to recalculate popularity for each request. In order to reduce
bandwidth usage, our design employs chunking rather than segmentation, and in
the second scenario, we only transmit the third part of the video file, rather than
the entire file.

. Scalability Issues

In highly dynamic networks with many nodes and content requests, ensuring that
coordinated tables remain synchronized and up-to-date becomes a challenge.
This can result in caching decisions using outdated or inaccurate information,
leading to cache misses or inefficient data retrieval.

To solve this problem, our design does not share data across all nodes in a large
network, but rather across a small number of routers. Our design boosts the hit
ratio as demand rises by keeping data near the consumer and storing only one-
third of the video in each of the three routers. These three routers are meeting
the demand.

. Inconsistent Cache States

Nodes in a cooperative caching system rely on the accuracy of shared
information in the cooperative tables. Inconsistencies in cache states can arise if
nodes fail to communicate effectively or update this information in real-time.
Inconsistent cache states can lead to incorrect forwarding decisions, causing

increased retrieval times and cache misses. For instance, a node may forward
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a request unnecessarily, leading to increased latency, if it perceives another node
to have cached a piece of content that is no longer valid.

To address this issue and prevent the loss of one-third of the video file, our
design employs a caching strategy for each of the three parts at the same time,
leveraging the LRU replacement mechanism to ensure data removal based on
timing. This results in the near-simultaneous eviction of all three parts. In
addition, the researcher highlighted that the default LRU is better than the other
LFU replacement mechanisms in terms of latency.

. Security and Trust Issues

Cooperative tables require nodes to share information about their cached
content. In an open or distributed environment, malicious nodes could
manipulate or provide false cache information, leading to inefficiencies or
security vulnerabilities. Untrustworthy nodes can deliberately misreport cache
states or redirect content requests to introduce delays or disrupt network
operations. Ensuring data integrity and secure communication between nodes
while sharing cooperative table information can be challenging, especially in
untrusted or decentralized networks.

We can mitigate the challenge by sharing cooperative table information with a
subset of routers rather than with all routers in the network. On the other hand,
our design adopts NDN, which is a more secure network than the others.

. Resource Constraints

Not all nodes in the network may have sufficient computational resources
or bandwidth to maintain and update cooperative tables continuously. In
resource-constrained environments, nodes may struggle to handle the overhead
of maintaining cooperative tables, which could lead to slower cache decisions
and suboptimal content placement. Limited resource nodes may also face
delays in updating their cooperative tables, resulting in the caching of outdated

information. Resource-constrained environments are characterized by limited
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processing power, storage capacity, and network bandwidth, which poses a
challenge.

Because of limited processing power, devices with constrained CPUs cannot
handle complex computations, which require lightweight algorithms and
optimized code. Thus, our algorithm is less complex than the other cooperated
algorithms. With the limited storage capacity of routers, our design often
requires effective data management and caching, which involves partitioning
the cache video into three distinct blocks across three different routers. This
approach enhances memory utilization and boosts diversity. The first point
explains how to reduce network bandwidth.

. Latency in Table Updates

It can be challenging to ensure real-time updates to cooperative tables in fast-
changing networks that frequently request or cache content. Sending requests
to nodes that no longer have the cached content due to delays in updating
cooperative tables could increase retrieval latency. Additionally, content
placement decisions based on outdated information may lead to unnecessary
cache evictions or inefficient caching.

Therefore, our design simplifies multi-request updating by eliminating the need
for additional processes and complexity to update the cooperative tables, thereby
avoiding popularity-based caching. Furthermore, we cache data close to the user,
thereby reducing latency.

. Privacy Concerns

Cooperative tables require nodes to share information about the content they
cache and serve. In networks where content requests are sensitive or the
identity of the requesting node requires protection, this could raise privacy
concerns. In scenarios involving sensitive data, the exposure of cache and
content request information through cooperative tables could compromise user

privacy. Managing cooperative tables securely while maintaining privacy poses a
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significant challenge, especially in networks that serve a diverse range of content
types. Therefore, our design serves VoD only rather than multiple types of

content.

In our cooperated caching CPVP, the mechanism requires updating the basic tables as

shown in Figures[5.5] 5.6 and[5.7] The initial data of all these records is equal to "0”.

* Cooperative Interest Chunk Table (CIC): Our coordinated mechanism uses
it as a fundamental component of the NDN structure. This study incorporates
various variables, including the router (R) and block (/D) sequences. The router
sequence is crucial in determining which router to cache. In VAS, the path
increments R in order to locate data. Then, it was used in the VCDS condition to
decide whether to cache or not. Additionally, it was used to determine which data
chunk should be cached and which router should host it. Moreover, /D equals 0
if the content store had the entire video. ID can be set to 1, 2, or 3 to indicate the
order of the blocks. Subsection [5.4.4] will provide a detailed explanation of how
the VPS partitions each video into three blocks. Moreover, the CIC is utilised to
transmit the relevant video information from one router to another, following a
specific path until the video file is found.

* Cooperative Data Chunk Table (CDC): Our coordinated mechanism uses it as
a fundamental component of the NDN structure. This study incorporates various
variables, including the hop distance (X), which is equal to the last value of R
in VAS. Additionally, the VCDS condition uses the hop distance (X) to decide
which data chunk to cache and which router to use. The consumer receives the
video file, its information, and the value of X through using CDC.

* Cooperative Content Store Table (CCS): We use it in place of CS, adding

three fields: X, ID, and N. The value of X represents the hop distance required
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to retrieve the original data. This router caches a sequence of blocks known as
ID. N represents the total number of chunks in this video file. When the VAS
finds data with an /D of 0, it indicates that the data encompasses the entire video,
and the VAS is satisfied. If the ID is 1, 2, or 3, then another request should be
sent until the entire file, which contains N chunks, is aggregated.

* Cooperative Pending Interest Table (CPIT): Our coordinated mechanism uses
this basic component instead of PIT in the NDN structure. This study added
a field named R, denoting the router’s sequence. We derive the value of this
variable from R in the CIC table. VCDS uses it as a labell to determine whether
or not this router should cache the requested data. Therefore, we have added it

to facilitate the ability to identify the three nearest routers to the user.

Figure 5.5. The Cooperative Chunks in NDN Tables: (CIC) & (CDC)

Figure 5.6. The Cooperative Pending Interest Table (CPIT)
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Figure 5.7. The Cooperative Content Store Table (CCS)

5.4.2 Video Aggregation Scheme (VAS)

A quick scan within the network is very important when interest is served [313].
However, searching a long network will demand a fast approach to return the results
of the subscribed object. The miss probability of each cache and the average number
of response hops are used to evaluate the accuracy of a-NET [58, 314]. Thomas et
al. [315] emphasised that the network offers better caching accuracy when it is getting
accountable for most cache_hits. Therefore, the proposed cache placement will be at
its best accuracy because it has hit at each of the three nodes and these nodes are not
having the whole video whereas caching the whole video will lead to high memory
consumption. In order to show the accuracy of our proposed model, there are other
challenges created, which include how to search and find the chunks of the requested

video.
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According to Aloulou et al. [65] st, the Basic NDN Forwarding mechanism [316]]
is the best forwarding mechanism because it offers a higher throughput with a lower
latency time and uses a flooding routing mechanism [65]. Hence, the VAS uses the
Basic NDN forward mechanism. Besides, with explicit cache coordination, content
routers explicitly exchange their state and additional information with each other.
Therefore, the proposed VAS will be merged with two other schemes, which are VCDS
(in Subsection [5.4.3)) and the VPS (in Subsection [5.4.4). This merging is achieved to
design the CPVP mechanism as shown in Algorithm [5.I] The VAS is consisting of

multi-steps explained below:

First Step: When the consumer achieves the request, this VAS mechanism will use
the Basic NDN forward to reach the content producer. Designing a VAS serves two
purposes: The first one is aggregating video; the second uses the field R as a labell to
find the proper router to cache video. This mechanism initials the R field to have the
sequence of the router in the path between the consumer and the producer to assist in
the proposed cache placement mechanism as explained above while putting this field
in the CIC chunk to give the next router the value of R+ 1. Furthermore, VAS gives a
value to represent the sequence of blocks (/D) in CIC. Note that the initial value of the
ID will equal O when no block of data has been found. This field will then be used to
gather another two blocks of requested data by knowing the /D of the detected partial
data. Therefore, the CIC and CDC will be as in Figure [5.5 while the CPIT will be

shown in Figure[5.6 after adding the new fields to the original one as in [293].

The second step: This represents the scanning phase that involves checking if the CCS
contains the requested data or not. Then when confirmed to include the requested data,
the CCS must check this data if it is the complete requested data or one-third of it.
This content producer will either be a server that contains all the CDC of the request

as shown in Figure or is a router which contains one-third part of the request data.
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Therefore, this step contains three cases which are:

A. There is a miss when the CCS does not contain the requested data. Then the CPIT
of the same router will save the prefix name of the request, the requesting face, the
sequence of the router (R) and then forward the CIC with the value of R+ 1 until it

finds the requested data chunks, while an ID is still set to zero (ID = 0).

B. There is a hit, and the CCS contains the whole CDC, then the hop distance between

the consumer and producer (X) will be set at the same value of R as shown in Figure

58

Figure 5.8. Request for Video and Search in CS Along the Path to the Server in NDN

C. There is a hit, but the CCS contains only one-third of the requested data (one block).
This leads to bringing another two blocks of cached copies in the neighbourhood by
forwarding the CPIT twice to the neighbourhood routers with the requested name and
the sequence of the block (ID) to gather all data chunks of the same request together.
Then a hit is registered, and X is set to the value of R (X = R) when the requested data

is gathered as shown the Figure[5.9]
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The third Step: Forward the whole requested data with the value of X downstream in
the reverse path to the consumer using and call our new VCDS mechanism which is

the Video Caching Decision Scheme.

Figure 5.9. Gathered the Partial Data Chunks

Furthermore, when individual routers receive an CIC, it initially searches their CCS. If
a hit exists, the CDC will be returned, or otherwise verified in the F/B. If a temporary
path is present, the CIC will go through the path that was already discovered to the
off-path data copies or looks for a match in CCS if otherwise. If it exists, it starts a
new scanning phase and then, the CIC follows the associated interface until it finds the
cached data. In the end, the scheme converges into a flooding-based searching scheme
which introduces a vast amount of overhead. All the above steps are summarized in

Algorithm[5.2]
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Algorithm 5.2 The Video Aggregation Scheme (VAS)

//Getting the initial values

Chunk_SN = get_chunk_sn (CDC);

Data_chunk = get Data_chunk_of_fileV;

R;= get_Sequence_of_Router (CPIT); X= get_total_hops_to_Source(CDC);
N= get_total_chunks_no_in_file V; R=0;X = 0;ID = 0;

On receiving CIC requesting i — 1 chunk of file K

Repeat if CDC of K isn’t in CCS then//Data chunk is not in CCS
R=R;+1;
save(pre fix — name, requesting — face, R) in CPIT;
Update R in CIC;
call Basic NDN Forwarding CIC toward the server
until (CDC of K is in CCS)
if (CDC of K is in CCS) then
ID= get_Block’s_no(CCS); N= get_total_chunks_no_in_file V
if ID = 0&X = R; then //Find the content in the server
for j=1toN
save X in CDC; call Basic NDN to forward CDC; to the consumer
end_for
if ID =1 then
for j=1toR;*N/3
save X in CDCj; call Basic NDN to forward CDC; to the consumer
end_for
send CIC(content —name, ID = 2);send CIC(content —name,ID = 3);
if ID =2 then
for j=[((Ri—1)xN/3)+1]toR;xN/3
save X in CDCj; call Basic NDN to forward CDC; to the consumer
end_for
send CIC(content — name, ID = 1);send CIC(content — name,ID = 3);
else //ID=3
for j=((Ri—1)*xN/3)+1toN
save X in CDCj; call Basic NDN to forward CDC; to the consumer
end_for
send CIC(content — name,ID = 1);send CIC(content — name,ID = 2);
end_if
end_if
Delete Interest record from CPIT;

5.4.3 Video Caching Decision Scheme (VCDS)

There are multi conditions to cache the cooperative data chunk:

1. If the name in CDC is equal to the name in CPIT, this condition to check if this
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router is requested this name of video. If the answer is “Yes” then check the next
step, else Discard.

2. If the total chunk number (N) of file is large than 3, and the total hop distance
(X) for this request is more than 3. Also, This condition follows because the
data chunk proposed is to be divided to three nearest routers. Therefore, in this
way, the data chunks are already near to the consumer. When X is equal to 3,
the time will be wasted by trying to cache the nearest data. Whereas if X is less
than three, it cannot find three routers to cache three blocks of chunks (Ch) in
the path to the consumer which leads to loss chunks from the requested video.

3. This condition involves checking each CPIT for every router in the reverse path
if R < 4. If R < 4 is satisfied, this means that the distance between the consumer
and this router which is in the reverse path is three or less than three. Therefore,
the video’s chunks can be divided by the nearest three routers. While if R > 3,
then this router in the reverse path is far from the consumer leading to waste
time by achieving the partitioning and caching in addition to increasing delay,
and experiencing multi replacement in CCS due to the large size of the video.
Furthermore, the hop distance will increase if the cache is far away from the
consumer when the next interest happens to the same request.

4. If conditionl & condition2 & condition3 = True, so decide to cache by call

V PS, else forward CDC to the consumer.

If decide to cache then call VPS, else discard the data chunk, as shown in Algorithm

5.3]
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Algorithm 5.3 Video Cache Decision Scheme (VCDS)

//Getting the initial values
Data_chunk = get_Data_chunk_of_fileV;
R;= get_Sequence_of_Router (CPIT);
X= get_total_hops_to_Source(CDC);
N= get_total_chunks_no_in_file V;
On receive CooperativeDataChunk to the router
namel = get_name (CDC)
if namel in (CPIT) then
if N>3&X >3&R; <4then
call Video Partitioning scheme (V PS)
else
forward CooperativeDataChunk to the consumer
end_if
else
Discard
end_if
forward CooperativeDataChunk to the consumer

5.4.4 Video Partitioning Scheme (VPS)

The router receives the majority of file requests in most cache placement mechanisms,
including LCD, LCE, and Prob. Because the most popular files are cached wholly at
the router, the logic behind splitting video files is to offer the other routers a chance to

get requests for a portion of the files.

This concept might not seem practical at first because the file will be cached across
multiple routers and downloading the complete file might take longer. Nevertheless,

there are two major reasons in favor of this choice:

1. Caching a part of a file allows additional files to become closer to the clients. In
other words, an edge router can find a subset (a few parts) of each file if there
are numerous files in the location.

2. A video file is typically a huge file worth caching. When downloading a video

clip, the time it takes to download the first part, which is closest to the consumer,
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can overlap with the time it takes to get the remaining parts, which are cached

inside the network.

To fully utilise the idea, the VAS is described in Section [5.4.2] and VCDS is presented

in Section[5.4.3] Then, the results are given from experiments in Section [3.3]

Clients in NDN demand content by sending an Interest that explicitly deals with a Data
chunk of a content file. The content in this thesis treats video only, which is considered

as files.

5.4.4.1 Description of VPS

Each NDN router has a content store (CS) for caching Data chunks. (we assume three
routers participate in caching). By default, NDN caches a chunk at every router that
the chunk visits [[117]. This redundancy wastes caching capacity, especially when CS
size is already small compared to the number of files. Moreover, hits at edge routers
filter out their Interests, so copies in the core get few hits [317]], which leads to wasting

capacity.

Figure 5.10. Partition File on the Path

Selectively caching popular content at the periphery and unpopular content at the core
could be a way to improve performance. It is impractical to do this using the video file
popularity because it involves ranking a lot of video files instantly as they are added and
their popularity changes. Additionally, because the popular files are huge, they push
out the nearby ones. As an alternative way, the VPS caches a file over several routers

along the identified path between the client and the source, with the head closer to the
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costumer and the tail closer to the source ( see Figure [5.10). There are three reasons

for doing so:

1. Users frequently cancel downloads, according to earlier traffic studies [318]].
Therefore, chunks on the top of a file are more sought-after than those at the
bottom. Thus, VPS is consistent with finding that popular content eventually
caches at the edge of a network [317,319].

2. The close cache space to the clients is precious. If the head is cached only at the
edge, this significant resource can be shared by additional files.

3. If the content is a video, user-perceived latency is based on how the application
soon can get enough of the video file to get startup. Delays in recovering the rest
of the file can be hidden during taking time for the application to play back the

head; it is a similar concept in the solid-state disks to the file layout [320].

Although the customer propensity issue to cancel is one of primary drivers for
partitioning files on the route, thus, it into account in our trials because of unable to
identify any logical distribution to capture customers’ propensity to cancel downloads.
However, later experiments will show that the first routers closer to the customer are
more valuable than the other routers. Terminating a download prevents the tail of the
stream from being cached on the routers closer to the source, which is valuable to
clients nearby. So, from this perspective, VPS’s performance in the real world may

even be superior to what we demonstrate through the experiences.

The VPS divides a video file into three blocks. Each block (multi-chunks) is cached at

a different neighbor router.The notation utilised is shown in Table[5.2]

How should be partitioned a video file? On the route from the customer to the source,
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Table 5.2
Notation for Video Partitioning Scheme (VPS)

Parameter Notation
Number of segments in a file F.
Hop count to reach the source.
Hop count refer to the reached router before a source.
Number of chunks c in a file F.
s Number of chunks c in a segment s.
Number of segments s cached at router for a file F.

zZzzmxo

we could employ a hop count X by dividing a file into R; — 1 segments to cache
segment s; th at router R; th on the path from customer to source. However, if two
customers with various hops counts request the same file, this leads to getting various
segment sizes, and don’t share segments. As an alternative, VPS ensures that each file
F contains S segments, whereas the size of each segment is in Equation [5.18and fixes
the number of routers R in each edge subset will be equal to 3 routers R = 3 as Dehghan

et. all proved that theoretically and find experimentally results [321} 82, [301]].

Nc,s: (N/S—I (518)

VPS uses the additional parameter X, which is the maximum hop count between the
customer and the source (the server). Suggest an Interest 7 from customer C takes a
path over the routers Ry,...,Rx_1,... to arrive at the source, wherever R; takes I hops
from the customer C. Suppose that Ny = [S/3] then each router caches no more than
N segments. Therefore; Rjcaches 1st,2nd, 3th, ..., Ny segment, while R, caches the
series of segments (N5 + 1, ..., 2Ny), etc. In other word, R; contains series of segment

starts from segment number ((i — 1) * N) + 1 until segment number (i * N).

For example, suppose that the number of segments per file is S = 21 and the number

of total hop accounts is X = 22 for a pair of requester-source. If file ' contains 1024
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chunks, then each segment contains about 1024 /21 =~ 49 chunks (except for the last
segment); while the number of segments per router contains Ny = 21/3 = 7, so R|
caches segments1,2,3,4,5,6 and 7, while R, caches 8,9,10,11,12,13, and 14, and so
on. In another case, if the file is partitioning to all routers on the path to the source,
then Ny = [S/X — 1] = (21/21) = 1 segment per each router to the source. This case
may lead to losing data, and the last segment is far away from the customer, which
needs a lot of additional time, which leads to increasing the delay time. By consuming
VPS depends on number of chunk, therefore each three routers will contain block of

chunk starts from the Chunk — SN as a result of Equation[5.19}

Chunk — SNy = ((R;— 1)« N/3) +1 (5.19)

While each three blocks will end with Chunk — SN as a result of Equation

Chunk — SN, = R;*N /3 (5.20)

Therefore, if combine these two equations Equation [5.19 and Equation for three

routers, will obtain Equation [5.21}

Chunk — SNy < Chunk — SN < Chunk — SN, IfR;=1,0rR;=2
CacheChunk — SN =

Chunk — SN; £ Chunk —SN £ N IfR; =3
(5.21)
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How can a router determine which segments to cache? In NDN, there isn’t an
addressing system for finding a router. However, as a chunk’s path precisely reverses
that of its Interest, we may utilise hop count to determine a router by doing the

following:

An Interest 7' from customer C searches the CS in every router along its path to the
source. During this search, T keeps track of the hop count on its path from C to the
source. T may find its Data along the path, thus not reaching source Z. If T arrives
at Z, Z knows the hop count X from C. It then calculates Ns. Z then puts X and 7 in
each chunk’s header. As the chunk passes through a router on the reverse path to C, X
is decremented. This value becomes equal to i at router R;, so if R; < 3, R; knows it
has to cache chunks in determined N; as explained above; other routers do not cache
these chunks as it passes through (this is also valid if the Data source is an intermediate

router).

When a cache is full, VPS uses LRU (Least Recently Used) mechanism to make
replacements because this mechanism is close to optimal in experience [322]] In
addition, it depends on the time to replace the content, while we assumed that caching

each part from the same data is achieved at the same time on different routers.

5.4.4.2 VPS Mechanism & Flowchart

This mechanism is proposed to cache the chunks on the edge-side cache nodes for a
reduction in user-perceived delay, and a cache pipeline is progressively built on the
path between the content origin server and the user. This placement mechanism will
not base popularity because the content popularity is recorded and ranked with respect
to the number of historical requests. Thus, caching based popularity leads to occupying
memory. However, this approach for chunk-level popularity has its shortcomings, in

particular when considering video applications. In an extreme scenario, the same video
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file is requested by all users at the same time. In this case, the formerly requested
chunks having a higher number of previous requests are categorized as popular and
selected to be cached for a long time which is an occupation problem that leads to

more delay in the network.

Moreover, the inter-chunks relationship is not appropriately analyzed in past studies.
For this reason, the behavior of the cache focuses specifically on a single data.
The domination of the traffic in NDN by video applications makes it necessary to
investigate the relationship between video chunks. For instance, if a video file is
divided into chunks having the same name prefix and growing segment numbers
(affixed to the name of the content). That is, a video file F; is divided into K(K € N)
chunks with a name prefix F; and sequenced indexes, i.e.,{Chfi,Chgi, ...,Chf...,O —
1hC,];" }, where Chj.(" is the j-th chunk j of file F;. It is important to maintain the proposed
cache Placement mechanism based on path explicit coordination caching scheme, and

the following steps in Figure[5.8|below show how this is achieved.

1. Get the hop-distance (X) from consumer to the producer and also find the

distance from each router to the consumer (R):

Finding the interested file involves searching the entire CS on its path by using Video
Aggregation Scheme (VAS) . The returned data packet contains the hop distance (X)
to the router where the data chunks were found. A router will decide to cache the
data chunks of the interested file in the CS table only if its hop distance (X) from the
consumer to the producer is greater than three. In this way, since FIB is slower than
PIT [82], then it is suggested to add more information (R) to the interest request in
the PIT which represent the number of hops between the router and consumer who

requests the interest. This is achieved by increasing R by one with each hop and saving
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its field at the PIT table of the same request until the requested file in the router is found
(in other words, until the hit happens). An interest carries the hop count information,
which is set at a default value of zero at the content requestor and increases by one
any time an NDN router relays the interest. In this way, when the router has a hit to
the same request, R will be equal to the whole hop distance between the consumer and
the producer (X). Also, it will be equivalent to the distance between the client and the

arrived router, as shown in the following Figure [5.8]

In the above Figure, we can see that the consumer requests a video, then the search in
the NDN is started by checking each CS in the path if it has the video or not. If the CS
does not have the requested video, then the forwarding is continued with finding the
value of R for each router until the hit happens. If the hit is achieved, then the value of
X will be found, which represents the total hop-distance. That is, the value of R will
be saved in the PIT, with the prefix name of the interested video and requesting face
(such as CR A) inside the same router along the path. The name of the received data,
the data, and the value of X will be saved in the data chunks in addition to the metadata
because the interests and data chunks carry metadata information about the content file

(name, size, etc.) as shown in Figure[5.5]

2. Downstream the video with its X value and its corresponding information in

reverse, back to the consumer:

To name individual DASH-like video segments with multiple representations, [142]
proposed a mechanism for mapping them to the naming system in NDN. Naming a

DASH segment at a specific representation follows the definition in [61}[102]] given as:

[Video content name]. [Representation ID]. [Segment ID]
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With the possibility to leverage existing HTTP infrastructures at scale, MPEG-
Dynamic Adaptive Streaming (MPEG-DASH) offers an open standard which
comprises of the specification of an XML-based manifest known as a Media
Presentation Description (MPD). As its name implies, the MPD gives a description
of the relationship existing between the segment locations with the use of HTTP URLs
and its corresponding features (such as bitrate, resolution, codec), and timeline [[142].
Whereas, Extensible Markup Language (XML) is a markup language that defines a set
of rules for encoding documents in a format that is both human-readable and machine-
readable [323]]. In other words, in MPEG-DASH, these features are described by MPD,
which is an XML document. With the records contained within the MPD, the DASH
user can begin the streaming session and acclimatize to bandwidth fluctuations. The
content’s existence on the server is in two forms. The first is the MPD, describing a
manifest of the existing content, its alternatives, their corresponding URL addresses,
and other features, while the second form is the segments, which comprise of the main
multimedia bit streamed in chunks form, be it as a single file or multiple files [324]).
MPEG-DASH is the outcome of different proprietary forms developed by the industry,
and research places interest on its optimization with respect to efficient delivery and

QoE.

ICN is in its early stage and mostly pursued currently by research institutions.
However, this field shows signs of being very promising in the area of efficient
multimedia content delivery if widely implemented in the future Internet. DASH and
its founding technology are essentially uncertain in terms of the delivery infrastructure,
which currently is confined to HTTP. Although it scales nicely, however, it can be
extended easily to a different method of transport such as ICN. DASH was proposed
over CCN/NDN architecture alongside open source tools and datasets with the use
of the already existing open source CCNx implementation as a basis [142]]. Using

the MPD, a DASH client can download the most appropriate segment satisfying the
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users’ context. There are already triple of works on adaptive video stream over CCN,
namely [325], and [326], then [327]]. Network coding in CCN has been shown to
reduce network bandwidth and delay where a mobile device can associate. Therefore,
all these works improve the QoE as well as mobility of the video streaming user with

multiple radio access networks, potentially at the same time [328]].

Samain et al. emphasised that many over-the-top mechanisms emerged recently for
efficient video delivery over the Internet. These mechanisms are both proprietary such
as Microsoft HSS and Apple HLS, as well as standard-based as in the case of Dynamic
Adaptive Streaming over HTTP (DASH). Likewise, to bring about a reduction in the
pressure that the video currently represents on the network infrastructure, authors
also observed that there is an increasing offer of network frameworks, such as Server
and Network Assisted DASH or Information-Centric Networks (ICN), together with
network functions, like in-network caching and multi-path forwarding, which aim to

assist in achieving effective video delivery [329].

3. Cache the requested video partially in three nearest routers to the consumer
VCDS returns true.

4. This is new cached placement is achieved by divided the video to three blocks.

Each block must cache in one of these three routers nearest to the consumer. In
addition to cache the value of X, the total number of chunks in this video (N), the
partial number of chunks (C) in this router (R) sequentially, and /D number are also
put in consideration. Where the ID number will be 1, 2, and 3 to 1st block,2nd block,
and 3rd block respectively. The benefits of /D will appear in the proposed Search of
Chunks mechanism to know which block is found and which other two blocks need

to continue a search. This partitioning of video file into three blocks will get two
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situations based on the number of data chunks’ video as explained below in these two

examples:

Figure 5.11. Casel When the Video Can Be Divided to Three Blocks

A. The first case: The three blocks of three nearest routers contain different number
of chunks to the same video. This happens when the total number of chunks cannot
be divided by three without remainder. For example, assuming that the chunk is
represented by Ch and the whole requested video (V) contains 11 chunks (N = 11),
then 6 the nearest three routers (i.e., Ry, R, and R3) to the consumers must have
different number of chunks in each block. In this example, each block must have four
chunks (C = 4) for the same video file by caching Ch;, Ch,, Ch3, and Ch4 in Ry,
while Chs, Chg, Ch, and Chg will be cached in R,, and Chg, Chyg, and Ch;; will be
cached in R3. In this case, the question arises about why there is caching of the least
number of chunk in the third router from the consumer? The answer here is that most
consumers do not finish watching a video, and also because the first chunks are most
important than the least chunks of the same video. The second question is about the
reason for caching the chunks of the requested video sequentially and not randomly?
The answer is to avoid missing any chunk, to make the video have high quality, and

to avoid spending the time to rearrange the chunks of the video when the same video
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requested again. This is shown in Figure[S.TT]above.

B. The second case: is the three blocks of three nearest routers contain different
number of chunks to the same video. This happened when the total number of chunks
cannot be divided by 3 without remainder. For example, let us consume that the chunk
is represented by Ch, and the whole requested video (V') contains 11 chunks (N = 11),
then the nearest three routers (i.e, R1, R2, and R3) to the consumers must have different
number of chunks in each block. In this example each block must have four chunks
(C = 4) for the same video file by caching Ch, Chy, Ch3, and Chy4 in R, while Chs,
Chg, Ch7, and Chg will be caching in R; in order to cache Chg, Chyg, and Ch;; in R3.
In this case, question will be arising about why caching the less number of chunk in
the third router from the consumer? The answer here, is because almost consumers
don’t finish watching video, and the another reason is the first chunks have the major
important than the latest chunks of the same video. Second question is about the reason
of cached the chunks of the requested video sequential and not randomly, and so on?
The answer is to avoid missing any chunk, to make the video has high quality, and to
avoid spending time to rearrange the chunks of video when the same video requested

again, as shown in Figure [5.12] below:
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Figure 5.12. Case2 When the Data Chunk Cannot Be Divided to Three Block Without
Remainder

and the following Algorithm [5.4] shows how this is achieved.
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Algorithm 5.4 Video Partitioning Scheme (VPS)

//Getting the initial values

R;= get_Sequence_of_Router (CPIT);

ID = get_content_id (CDC);

Chunk_SN = get_chunk_sn (CDC);

N = get_total_chunks_no_in_file V;

Data_chunk = get_Data_chunk_of_fileV;

if R; =3& Chunk — SN; < Chunk — SN < N then
if CCS is not full then

ID = R;;

cache DataChunk,ID in CCS;
else

ID =R;;

call replacement mechanism LRU to DataChunk,ID in CCS;
endif

else if (R; =1, or R; = 2)&Chunk — SNs < Chunk — SN < Chunk — SN, then
if CCS is not full then

ID = R;;

cache DataChunk,ID in CCS,
else

ID = R;;

call replacement mechanism LRU to DataChunk,ID in CCS;
endif
endif
forward CooperativeDataChunk to the consumer

5.5 Verification and Validation of Coordination Caching Placement by Video

Partitioning Mechanism (CPVP)

Designing the new mechanism, covered in Chapter 5 in great detail, involves stating
the design objectives. Three separate supporting mechanisms make up the new
design. Verification is carried out by assessing the outcome to see if it adheres to the
original objective or formulation. Furthermore, the CPVP mechanism implementation
is validated on ndnSIM2.0 and it is compared to three other placement mechanisms,

which are LCE, LCD, and Prob placement mechanisms.

Utilising random video sequence kinds, the validation is carried out. As previously

mentioned, several video segments are combined in the video test sequence. As was
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mentioned in Chapter 6, the outcome of the brand-new mechanism has worked as

expected. Thus, it may be said that the new mechanism has been proven to work.

As mentioned earlier in this chapter and Chapter Four, all simulations were carried out
randomly from a long enough database to cover all video sizes. Verification of the

new mechanism (CPVP) was done to ensure that:

1. The new mechanism has been correctly programmed.

2. The new mechanism has been correctly implemented.

3. The new mechanism has no flaws, errors, or omissions.

4. There have been no implementation errors, and the specification is

comprehensive.

This validation or verification often belongs in a protocol model validation or
verification. From this perspective, several conventional approaches have been used
to model validation and verification. These included testing, thorough code reviews,
and organised programming. For situations with known outcomes, one important
validation may be evaluated by comparing the new design output (CPVP) with
the anticipated outcomes and conducting a thorough trace of the event sequence
throughout a model execution to ensure it follows the predicted route. In that regard,

several mechanisms have been used to verify and validate the created protocol.

As described by Zakiuddin et al. [330], there are three kinds of automated formal

verification mechanisms. They are as follows:

1. Model checking: Is the process of determining if a formal model system meets a

specific property.
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2. Theorem proving: As seen in this chapter, the theorem-proving methodology
employs formulas, equations, and mathematical principles to demonstrate that a system

is right.

3. Finally, equivalence testing explicitly determines if two models with various levels
of abstraction are equal. This approach essentially compares two different systems
and models. The new mechanism (CPVP) is compared with three other placement

mechanisms (LCE, LCD, and Prob) in the next chapter.

According to Kristensen and Jensen [331], mechanism checking verifies every possible
input to ensure that the system is accurate. However, the theorem-proving approach
was used for the CPVP mechanism verification and validation. As a result, the
mathematical equations discussed in Chapter 5 are used to validate and verify the
implementation of CPVP. This validation is achieved by using ndnSIM2.0, and a
random video. This is achieved by using a Tree topology with 31 nodes, as shown
in Figure To prevent repeating the writing, Chapter 6 will evaluate the CPVP

placement method by adding more nodes and using different topologies.

5.6 Summary

This chapter deals with the second objective, which is designing a new caching
placement mechanism in NDN during VoD. This new mechanism is called the
Cooperative Caching Placement by Video Partitioning mechanism (CPVP). It contains
three schemes to enhance the average hit ratio, the total reduction in the network
footprint, server load reduction, and to reduce the average E2EDelay. We conduct
a theoretical analysis of the content placement problem to determine that coordination
caching outperforms non-coordination caching during VoD. These schemes are the
Video Aggregation Scheme (VAS), Video Cache Decision Scheme (VCDS), and Video

Partitioning Scheme (VPS). This mechanism proposed partitioning the video into three
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Figure 5.13. The CPVP Implementation in ndnSIM2.0

blocks and caching them in the three nearest routers to the consumer. Finally, the
CPVP mechanism is verified, validated, and implemented at the end of this chapter,
while it will be evaluated in the Sixth Chapter by comparing it with LCE, LCD, and

Prob caching placement mechanisms to get the third objective.
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CHAPTER SIX
SIMULATION RESULTS AND EVALUATION

Chapter Five presents the implementation of the Coordination Placement by Video
Partitioning mechanism (CPVP). This chapter is to evaluate the CPVP mechanism
during VoD in NDN. CPVP is an explicitly coordinated mechanism that includes
three schemes: the Video Aggregation Scheme (VAS), the Video Caching Decision
Scheme (VCDS), and the Video Partitioning Scheme (VPS) for VoD in NDN. This
discussion of CPVP aims to discover if CPVP satisfies the functional requirements
to enhance Quality of Experience (QoE). This chapter discusses the performance
assessment of the CPVP mechanism and compares it with the LCE, LCD, and Prob
caching mechanisms. Section |6.2] presents the evaluation and discussion of the CPVP
mechanism, while Section[6.3]summarises the extent of CPVP’s improvement. Section

[6.4] provides a summary of this chapter..

6.1 Simulation Environment

Researchers often analyse their design methods for caching mechanisms by their
simulation scenarios and select the configuration settings of their choice, making
it impossible to compare the differences across caching mechanisms. Even though
various simulation scenarios have been put forth for assessing NDN caching
mechanisms, in this section, we focus on the same four primary simulation parameters
as in [231]]: network topology, catalogue size, cache size, and content popularity

model.

The simulation results are elaborated in this section in line with performance metrics.
Efficient evaluation of caching strategies in NDN requires simulation over diverse and
representative network topologies, each capturing different structural properties (e.g.,
node centrality, path diversity, edge density) that significantly impact cache placement
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and cooperation dynamics. Then, each performance metric will be discussed, as well as
the enhancement percentage, if there is an enhancement for the new caching placement

mechanism (CPVP).

6.1.1 Simulation Setup

To evaluate the new mechanism, CPVP, the performance metrics results are compared
with these placement mechanisms: LCE, LCD, and Prob, to confirm that the simulation
results of CPVP are valid. The reason for comparison with LCE, LCD, and Prob is
that LCE is the default NDN caching mechanism; LCD is developed from LCE, while
Prob is getting a good result in performance metrics in Chapter Four of this thesis.
Additionally, the other reason is that each of these three mechanisms can be considered
an example of one type of caching mentioned in Chapter Two. LCE mechanism is
non-coordination on path caching as mentioned in Subsubsection[2.3.2.T]and explained
in detail in Subsection @} Whereas the LCD mechanism is an implicit coordination,
as mentioned in Subsubsection [2.3.2.7] and explained in detail in Subsection [2.4.2]
Prob is also in the same type of LCD, but it efficiently decreases redundancy, and
big minimises the End-to-End Delay (E2EDelay) performance metrics. Therefore, our

design represents the explicit cache coordination on the path. For more precise, see

Figure[2.3

The evaluation of our implementation by cache size from 100 content elements to
100,000 elements (1GB to 1T B sequentially), a catalogue size of 10° elements, while
a Zipf popularity equal to & = 0.65 (see Table . In the literature, 10* contents is the
widely utilise d catalogue size [260} 261, 269, 268]], But because of the current traffic
nature, it isn’t easy to guess the Internet simply with 10* contents. As a result, in our
studies, the catalogue size was set to 106 items, which is thought to be sufficient for
assessing the performance of Internet traffic [233, [262]. Files are represented by the

components and contents. As a result, they are both used equally in this thesis. In the
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simulation outcomes, the median values of ten runs are evaluated for Average Cache
Hit Ratio, Average E2EDelay, Server Load Reduction, and Reduction in Network
Footprint. The basic NDN Forward mechanism is used according to considered as
the best forwarding mechanism by the study of Aloulou N. et al [65)]. Assuming that
the CPVP is cached in the three blocks in the three neighbour routers at the same
time, therefore, this study used Last Recently Used (LRU) as a caching replacement
mechanism. However, each block is equal to 1/3 of a file . This study achieved
simulation by using these topologies: Tree, Abilene, GEANT, and Deutsche Telekom
Network Topologies in ndnSIM2.0. The VoD traffic is obtained randomly from the

Scalable Video Coding-Dynamic Adaptive Streaming HTTP (SVC-DASH).

6.2 Simulation Results and Discussion

The simulation results are elaborated in this section in line with performance metrics.
Efficient evaluation of caching strategies in NDN requires simulation over diverse and
representative network topologies, each capturing different structural properties (e.g.,
node centrality, path diversity, edge density) that significantly impact cache placement
and cooperation dynamics [294]. Then, each performance metric will be discussed,
and the percentage of enhancement, if there is an enhancement for the new caching

placement mechanism (CPVP).

6.2.1 Average Cache Hit Ratio by Using Four Topologies

The average cache hit ratio result is the most critical metric in the performance
assessment of NDN. It is used to evaluate the CPVP mechanism by ndnSIM2.0
simulation and various cache sizes (1GB, 10GB, 100GB, and 17 B) in four topologies
(Tree, Abilene, GEANT, and DTelekom) as shown in the Figures below. While the
size for each file is taken randomly from the popular/established dataset which is the

Scalable Video Coding-Dynamic Adaptive Streaming HTTP (SVC-DASH).
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Figure 6.1. Average Cache Hit Ratio Using Tree Topology

Figure represents the simulation results of the new mechanism, CPVP, and the
other three placement mechanisms: LCE, LCD, and Prob. This results is achieved
with using Tree topology. It is clear that the CPVP mechanism gets a better result than
the other three placement mechanisms. Concluding that the average cache hit ratio is

increased while the size of the cache is increased.

Figure 6.2. Average Cache Hit Ratio Using Abilene Topology

It is clear that in Figure [6.2] the average cache hit ratio of LCD is best than the other

two mechanisms LCE, Prob in 1GB and 10GB due to its selective caching strategy. By
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caching content closer to the requester and avoiding redundant caching, LCD achieves
a higher cache hit ratio, especially in environments with limited cache space. LCE’s
redundant caching and Prob’s randomness in caching decisions lead to less efficient
cache use and lower hit ratios, whereas LCD effectively balances cache efficiency
[332, [333]]. While it is start to be closest to Prob in 100GB then closest to LCE in
I1TB. But the CPVP mechanism is the best along with the increasing cache size and

using Abilene topology. Whereas, it got 0.013 in 1GB and 0.123 in 17 B.

Figure 6.3. Average Cache Hit Ratio Using GEANT Topology

Figure[6.3]shows the results of an average cache hit ratio by using the GEANT topology
to appear that the CPVP mechanism got the highest average hit ratio. The results of
LCE is the worst results of the average cache hit ratio along various cache size because
LCE causes multiple nodes to cache the same content and leading to redundant storage
of popular chunks, and limited space for other content. In both small caches (1GB)
and large caches (1TB), this redundancy means less content diversity, reducing the
likelihood of cache hits for less-frequently requested segments. Although, LCE gets
a high ratio of redundancy that is logically leads to increase average hit ratio. Li
et al. (2016) highlight that caching without coordination or awareness, like LCE, is

fundamentally limited in achieving high cache efficiency, regardless of capacity [334].
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This increasing of hit happen when request the same request, but the scenario of getting
different request increase the miss ratio due to the redundancy, large-scale of video, and

the memory is occupied for all routers with same video.

Figure 6.4. Average Cache Hit Ratio Using DTelekom Topology

However, in DTelekom topology, the average cache hit ratio is also larger than the
other three LCE, LCD, and Prob along 1GB to 17 B. The results of LCD are higher in
1GB, but its result is similar to Prob in 100GB and similar to LCE in 17B. Along the
result, LCE register the worse mechanism compared to CPVP, LCD, and Prob caching

placement mechanisms, as shown in Figure [6.4]

The Table [6.I) shows the results of average cache hit ratio to evaluate CPVP
mechanism by comparing with three mechanisms (LCE, LCD, and Prob) in different
scenarios of multi cache size (1GB, 10GB, 100GB, and 1TB) and various four
topologies (Tree, Abilene, GEANT, and DTelekom). In these different scenario, the
results show that CPVP mechanism is the best due to it’s diversity. While LCE is the
worst in terms of average cache hit ratio due to it’s redundancy [332] 333]]. In addition
to that the results is enhanced while the cache size is increased continuously. However,

in the new mechanism (CPVP) each request will have probability to get more hit Hit,
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due to partitioning the file in three routers. Data will be near the three routers by

minimizing hop distance.

Finally, for easier finding the percentage of enhancement, the average of results for
various cache sizes is dependent to get the enhancement percentage of the CPVP
mechanism by comparing it with three placement mechanisms. Therefore, the
enhanced percentage of the CPVP mechanism is so clearly in the Table [6.1] in terms
of an average cache hit ratio by different topologies. Whereas, it is better than LCE
by (38.6%, 39.6%, 56.5%, and 38.1%) in different topologies (Tree, Abilene, GEANT,
and DTelekom) respectively. Thus, CPVP gets a higher percentage of enhancement
than LCE by 56.5% by using the GEANT topology. While, CPVP gets better than
LCD by 28.3%, 27.8%, 48.2%, and 27.1% by using Tree, Abilene, GEANT, and
DTelekom in sequence. Psaras et al. [16] state that LCE creates excessive redundancy
and underutilise s cache capacity, lowering the effective cache hit ratio despite its
aggressive behavior. Finally, CPVP is getting the best results with an average hit ratio
of 29.5%, 30.9%, 49.8%, and 30.1% respectively. The conclusion is that the highest
enhancement results are getting with the GEANT topology for all three mechanisms

above.

Generally, The CPVP is got the highest enhancement performance 56.5% from LCE
in terms of the average hit ratio by using GEANT topology. While it registered the
lowest enhancement performance of 27.1% from LCD in terms of the average hit ratio

by using DTelekom topology.

6.2.2 Average E2EDelay by Using Four Topologies

The E2EDelay presents the whole latency required to cross the network from the client
(source) to the destination. It is the most significant metric which is necessary to

evaluate VoD performance in the network. It is used to evaluate the CPVP mechanism
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by ndnSIM2.0 simulation and various cache sizes (1GB, 10GB, 100GB, and 17 B) by
using four topologies: Tree, Abilene, GEANT, and DTelekom as shown in the Figures.
At the same time, the size for each file is taken randomly from the dataset (SVC-

DASH).

Figure 6.5. Average E2EDelay Using Tree Topology

In Figure[6.5] the results of E2EDelay are presented. We can see that all three previous
mechanisms get the nearest results to each other when comparing them with the new
mechanism CPVP. CPVP demonstrates superior performance across all cache sizes,
especially in larger caches like 17 B, due to its ability to optimally cache partitioning

content closer to users.
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Figure 6.6. Average E2EDelay Using Abilene Topology

The E2EDelay is decreased when the cache size is increased for all four mechanisms
(LCE, LCD, Prob, and CPVP). In the Abilene topology, there is a competition between
Prob and LCD about the second level for delayed performance but Prob is better than
LCD generally. Whatever the first level is registered to the CPVP mechanism in Figure

6.6

Figure 6.7. Average E2EDelay Using GEANT Topology

In the GEANT topology, Figure referred to that CPVP is still registered the best

compared to the others for o = 0.65.
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Figure 6.8. Average E2EDelay Using DTelekom Topology

According to Figure [6.8] the results of E2EDelay are got more significant result than

the other. It is very important to the user.

NDN performance metrics determine the E2ZEDelay path by adding the node delay at
each node and the link delay at each link along the route. The protocol processing
time and the queuing delay at node i for the connection (i, j) are both included in node
delay. Considering a wireless link, it is given that the propagation delays are almost
equal for every hop on the path [282, 292], [292, 283]. In Table [6.2] still the CPVP
mechanism register the best mechanisms in all cache sizes and all four topologies due

to its design to cache in the nearest three routers to the consumers.

Lastly, the average of performance results for various cache sizes is dependent to
get the enhancement percentage of the CPVP mechanism by comparing it with three
placement mechanisms (LCE, LCD, and Prob). Therefore, the enhanced percentage of
the CPVP mechanism is so clearly in the Table in terms of E2EDelay by different
topologies. Whereas, it is better than LCE by (24.9%, 23.8%, 22.7% , and 24.3%)

in different topologies (Tree, Abilene, GEANT, and DTelekom) respectively. Thus,

208



1594 %
BIYVYT %S'ST %EVT WBETT %BLTC WBLTT V'€  W6'ET  WY'ET BSEYL WBEST %6YC SLAADD
vre €Sy  919v  L¥SY  S69°¢ 9LV 8LV LLLY 4958 % 9¢9'v S99°v 659t ceee vivy eSSy Levy a3eIIAy
81¢¢ 607t 10v'y  6ev'v  T8S'E €99y 1S9y 6,91 6Cr'e 1Sy €Sy 1SSy 1cC¢ 1ey 1€y 8leYy aL1
eIv'e LSYY 8ISy  80StY  6V9'¢ 189 SCLY Ly 91¢'¢  ¥9SY 8091 S9y 60¢'c  Svev  CIvY ey 49001
S'e L9SY 119v 695t €CL'e 808'Y 6181V  86LY ILS'E V89V ILY LL9Y wee vy SOSY  LSY'Y 4901
6LS°¢ 618V  CL6'¥ €L9Y  ST8'E clev (45N 4 6881 €69°¢  S8LY €18y LY 9sr'e  ovSy  CI9Y 8SSY a01
71
dAdD  qoid ad1 4T  dAdD  qoid ad1 40T dAdOD  qoid ad1 4T dAdD  q0id aj1 q€I1 yYoen
£3ojodo], woRRLA £3orodoy, INVHAO A3ojodog, dud[Iqy £3ojodog, 3d4],

g.L1 01 g0 SuIs)) SWSIUBYIIJA JUWAIR[{ 1IN0, 0] AB[dQHZH 25eIAY
9 91qEL

209



CPVP gets a higher percentage of enhancement than LCE by 24.9% by using the Tree
topology. While, CPVP gets better than LCD by 25.3%, 23.9%, 22.7%, and 25.5% by
using Tree, Abilene, GEANT, and DTelekom in sequence. Finally, CPVP is getting the
best results with E2EDelay of 24.5%, 23.4%, 22.3%, and 24.6% respectively. These
results are help to enhance QoE because E2EDelay refers to the total time taken for a
content request to be satisfied when the interest is sent to when the corresponding data
packet is received [3335]]. The conclusion is that the highest enhancement of E2EDelay

results are getting with the Tree topology for all three mechanisms above.

Generally, The CPVP is registered the highest enhancement performance 25.5% from
LCD in terms of the E2EDelay by using DTelekom topology. While it registered the
lowest enhancement performance of 22.3% from Prob in terms of the total reduction

in network footprint by using GEANT topology.

6.2.3 Server Load Reduction by Using Four Topologies

Server load reduction is the metric that refers to how much the server load is decreased
on the origin servers. Server load reduction is an essential in modern networking
and computing to improve efficiency, reduce costs, and ensure that services can scale
effectively without overwhelming server resources. Server load reduction is a more
practical metric than cache hit ratio in VoD deployment contexts [336, 337]. The

Figures reflect the results of this metric to evaluate the CPVP mechanism.
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Figure 6.9. Server Load Reduction Using Tree Topology

Figure refers to how much the reduction in server load is by implementing the
CPVP mechanism using Tree topology, &« = 0.65, and comparing it with LCE, LCD,
and Prob mechanisms. Finally, CPVP got significant results making it the best

mechanism.

Figure 6.10. Server Load Reduction Using Abilene Topology

Figure [6.10] represents the server load reduction using Abilene topology to conclude
that LCE is the worst mechanism while CPVP is the best one. At the same time, there

1s a competition between LCD and Prob mechanisms to get the middle level of results.
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Figure 6.11. Server Load Reduction Using GEANT Topology

Figure [6.10] displays the outcomes of the server load reduction using the GEANT
topology. The relation between the results of these four topologies it looked the same

in Figure [6.10 with different values.

Figure 6.12. Server Load Reduction Using DTelekom Topology

Figure [6.12] the results reflect that the CPVP mechanism is the best, while the LCE
mechanism is the worst when comparing the results of them to these four mechanisms

(LCE, LCD, CPVP, and Prob).
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Finally, the Table [6.3] is summarized all the results of server load reduction to four
mechanisms with four topologies and various cache sizes with & = 0.65. When
notifying all the scenarios above, concluding that LCE is the worst in terms of server
load reduction, the CPVP mechanism is the best. In addition that this performance

metric is enhanced when the cache size is increased.

However, server load reduction reflects the reasons for giving significant results. This
is because server load represents the number of requested video which needs to be
served from the server [338]]. The CPVP mechanism is very significant in serving the

request by intermediate cache before arriving the request to the server.

Lastly, due to easier getting the enhancement percentage, the average results for all
cache sizes are based to get the enhancement percentage of the CPVP mechanism
by comparing it with the three placement mechanisms. Therefore, the enhanced
percentage of the CPVP mechanism is very significant in Table [6.3] in terms of the
server load reduction by different topologies. Whereas, it is better than LCE by
(40.8%, 40%, 38.6%, and 39.8%) in various topologies (Tree, Abilene, GEANT, and
DTelekom) respectively. Thus, CPVP gets a higher percentage of enhancement than
LCE by 40.8% by using the Tree topology. While, the CPVP gets better than LCD by
25.2%, 27.1%, 25.2%, and 23.9% by using Tree, Abilene, GEANT, and DTelekom in
sequence. Finally, CPVP is getting the best results with server load reduction of 28.6%,
28.1%, 27.6%, and 26.3% respectively. The conclusion is that the highest enhancement

results are getting with the Tree topology for all three mechanisms above.

Generally, The CPVP got the highest enhancement performance 40.8% from LCE in
terms of the server load reduction by using GEANT topology that helps to enhance
QoE [339]. While it registered the lowest enhancement performance of 25.2% from

LCD in terms of the server load reduction by using two topology: Tree topology, and

214



GEANT topology.

6.2.4 Total Reduction in the Network Footprint by Using Four Topologies

In the context of NDN for VoD, total reduction in the network footprint is the outcome
of intelligent caching, optimised request aggregation, and efficient content delivery,
all of which work together to reduce bandwidth consumption, limit redundant data
transfers, and localize content retrieval. This approach minimises the overall impact
on network resources, allowing for more scalable, efficient, and sustainable video
distribution over the NDN infrastructure. The four figures illustrate the use of this

performance metric to evaluate the CPVP mechanism.

Figure 6.13. Total Reduction in the Network Footprint Using Tree Topology

This Figure [6.13]shows that CPVP mechanism gives significant results in terms of the
total reduction in network footprint along various cache sizes. Prob mechanism have
the second level after CPVP in 17B. LCD performs well in smaller caches 1GB and
10GB, where its strategy of caching close to the requester helps reduce network traffic,
but it is outperformed in larger caches where more sophisticated caching strategies

(like CPVP and Prob) can better optimise the footprint.

215



Figure 6.14. Total Reduction in the Network Footprint Using Abilene Topology

However, the Figure [6.14] is similar to the Figure [6.14] above, when comparing the
results of these four mechanism except the highest value in this Figure is less than the

Figure before.

Figure 6.15. Total Reduction in the Network Footprint Using GEANT Topology

This performance metric by using GEANT topology is gave the best result by
comparing it to other three topologies. In addition to that CPVP mechanism is the

best and LCE mechanism is the worst.
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Figure 6.16. Total Reduction in the Network Footprint Using DTelekom Topology

In addition to that the results in DTelekom topology as shown in Figure[6.16]is similar

to Figure of this metrics.

The Table [6.4] contains all the results of this metrics to four caching strategies, four
cache sizes , and Four topologies to come out with comprehensive analysis and to
evaluate the CPVP mechanism. The Finding is the CPVP mechanism is the best, LCE
mechanism is the worst, in addition to that the results is enhanced while increasing
the cache sizes. The CPVP mechanism is minimised the number of hops which taken
by the request to get a hit, because it caches the video content in the nearest three

neighboor routers.

Lastly, the average performance results for different cache sizes are dependent to get

the enhancement percentage of the CPVP mechanism by comparing it with three

placement mechanisms (LCE, LCD, and Prob). Therefore, the enhanced percentage of
the CPVP mechanism is so clearly in the Table [6.4] in terms of the total reduction

in network footprint by different topologies. Whereas, it is better than LCE by
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(46.5%, 49.1%, 50.1%, and 48.9%) in different topologies (Tree, Abilene, GEANT,
and DTelekom) respectively. Thus, the CPVP gets a higher percentage of enhancement
than LCE by 50.1% by using the GEANT topology. While, the CPVP gets better
than LCD by 35%, 38.7%, 41%, and 38.1% by using Tree, Abilene, GEANT, and
DTelekom sequentially. Finally, the CPVP is getting the best results with a total
reduction in network footprint of 38%, 42.8%, 44.5%, and 40% respectively. The
conclusion is that the highest enhancement of total reduction in network footprint

results is getting with the GEANT topology for all three mechanisms.

Generally, The CPVP got the highest enhancement performance 50.1% from LCE in
terms of the total reduction in network footprint by using GEANT topology because
CPVP reduces the cumulative hop count for content delivery by over half compared
to LCE, especially in a large-scale network like GEANT. CPVP achieves higher cache
diversity and locality, ensuring that the content is not over-replicated across nodes,
the right content is cached at the right location because the behavior-aware caching
mechanisms lower total footprint by localizing content near demand customer [340]].
While it registered the lowest enhancement performance of 35% from LCD in terms

of the total reduction in network footprint by using Tree topology.

6.3 The Enhancement Percentage of the CPVP Mechanism

CPVP registered the highest percentage of enhancement as 56.5% from LCE using
the GEANT topology. While It registered the lowest percentage of enhancement as
22.3% from Prob using GEANT topology as shown in Table[6.5] CPVP is registering
the best results in four performance metrics using four different topologies due to its
diversity, caching, and caching one time nearest to the consumer because it satisfies all
functional requirements, which are obtained from the first objective. CPVP achieves

the highest network footprint reduction on the GEANT topology because it coordinates
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cache placements across nodes to avoid duplication, and prepositions content close to
regional users, in addition to it matches the structural complexity and regional demand
diversity inherent in GEANT. Raaid et al. [106] emphasized that GEANT topology is
utilise d to test the significance of cache management selection strategies. As a result,
it minimises hop counts, shortens retrieval paths, and significantly reduces the overall

network traffic load compared to other mechanisms.

Table 6.5
Summary of Enhancement Percentage of the CPVP Mechanism
) Highest Lowest
Metrics
Placement Placement
Percentage . Topology Percentage . Topology
Mechanism Mechanism
Average
Cache Hit LCE GEANT 27.1% LCD DTelekom
Ratio
Average
25.5% LCD DTelekom Prob GEANT
E2EDelay
Server Load GEANT,
4 40.8% LCE GEANT 25.2% LCD
Reduction Tree
Total
Reduction in
50.1% LCE GEANT 35% LCD Tree
Network
Footprint

6.4 Summary

This chapter looked at how well the CPVP mechanism works compared to the
NDN-specific LCE, LCD, and Prob caching methods. The new mechanism was
accomplished using the ndnSIM 2.0 simulator for the evaluation of average cache
hit ratio, average E2EDelay, server load reduction, and total reduction in network
footprint. Finally, the CPVP mechanism achieves the best performance results by
comparing LCE, LCD, and Prob during VoD in NDN. It registered the best results in
four performance metrics using four different topologies due to its diversity, caching
and caching once nearest to the consumer. CPVP is satisfied with all functional

requirements that were obtained from the first objective. However, CPVP has three
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schemes: a VAS to ensure efficient aggregation and retrieval of video content, a
VCDS to optimise caching decisions to minimise redundancy and delay, and VPS
to dynamically partition video files to enhance cache utilisation and retrieval speed.
These three schemes cooperate by using cooperative tables, dynamic partitioning, and
coordinated caching decisions that contribute to its superior performance. Thus, the
QoE is developed. As a result, the CPVP mechanism demonstrated that it might be an
ideal option for caching mechanisms during VoD over the Internet in the future. Thus,
the limitation of the CPVP mechanism is especially to deal with large-scale content to
serve VoD. While the future work of it is such as testing CPVP under more complex

network scenarios or integrating additional performance metrics.

221



CHAPTER SEVEN
CONCLUSION AND FUTURE WORKS

The Internet’s rapid expansion has disrupted communication paradigms with Named
Data Networking (NDN) and online video storage. The study’s highlighted concern
is the excessive delivery times associated with the Video on Demand (VoD) burden
brought on by consumers’ demands for online videos. Furthermore, the Internet’s
quick expansion and high video storage require that it be saved in several packets,
which takes a lot of time. In Chapter Two, we compared and analysed nine
mechanisms of cache placement in NDN while the VoD was operating. Furthermore,
according to the empirical simulation results, using the simulation empirically of seven
mechanisms in Chapter Four, the Probabilistic cache placement mechanism (Prob) is
the optimum placement mechanism for the delivery time. This study concludes that
the NDN has to be enhanced by incorporating elements of various cache placement

mechanisms.

Designing a Cooperated Placement by method for Named Data Networking (NDN) is
the primary objective of this thesis. This research achieves many challenges in caching
placement contributions NDN to implement seven mechanisms for caching placement
with VoD. The literature analyses seven placement caching mechanisms with VoD in
NDN. Then pay attention to the methodology phases and variables like topologies and
popularity models. The simulation settings were chosen with care. The performance of
the CPVP mechanism was extensively evaluated through the ndnSIM 2.0 simulator. In
Chapter Four, we discussed the empirical evaluation of seven placement mechanisms
(LCE, LCD, Prob, Pprob, Rand, Centrality, and Cross) to identify the features of
these mechanisms during VoD. While the validation of the new placement mechanism
(CPVP) is tested using four topologies: Tree, Abilene, GEANT, and DTelekom. The

cache size ranged from 1GB to 1TB, while the catalogue size was in elements. Two
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Zipf model values are chosen for popularity, i.e., 0.65 and 2.0 in Chapter Four, but
0.65 is used to design the new one because CPVP does not depend on the Zipf model.

The remainder of this chapter is organised as follows:

Section discusses the significance of the CPVP mechanism for developing the
Internet in the future and its potential implementation. At the same time, the limits
are indicated in Section and the research contributions are given in Section

Eventually, Section [/.4] offers some recommendations for more research.

7.1 Research Summary

As described in Chapter One, the NDN network is categorized as a multi-stage
caching system, with demands from geographically distributed nodes and the caches
being physically spread out over the network. The request is now locally fulfilled if
the requested material is already present somewhere and has been cached by a network
node. As a result, the issue of efficient caching systems for content placement during
VoD demand arises. In light of this, the main goal of this thesis was to introduce a new

caching mechanism for content placement.

Even though several mechanisms have been developed for this purpose, as stated in
Chapter Two, it was discovered and determined that the current solutions (LCE,
LCD, Prob, Pprob, Cross, Rand, and Centrality) are unable to address the difficulties
posed by content placement during VoD. For instance, the default-ICN mechanism,
LCE, makes the material more redundant. Coordination Caching Placement by Video
Partitioning (CPVP), a new mechanism for NDN, was created due to this research

study.

To fulfil the goals of this study, the Research methodology of the operational

framework, conceptual model, verification and validation was adopted and discussed in
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Chapter Three. However, in Chapter Four, empirical evaluation for seven placement
caching mechanisms is achieved by using the ndnSIM 2.0 simulator on four topologies
(Tree, Abilene, GEANT, and DTelekom) with various cache sizes from 1GB to 1TB
and Zipf parameters equal to 0.65 or 2.0. It can be said that the Prob mechanism
had a minor time delay and performed well according to the performance parameters
that were looked at. The Centrality placement mechanism is the worst one in all
performance metrics. In addition, the results of all seven mechanisms are best when the
cache is increased. At the same time, the results are enhanced for all seven placement

mechanisms when the Zipf distribution is increased from o = 0.65 to ot = 2.0.

In Chapter Five, the theoretical analysis of the placement problem and the analysis of
the coordination and non-coordination placement conclude that coordinated placement
is the best during VoD services. The CPVP mechanism is the new placement
mechanism designed. It contains three schemes: the Video Aggregation Scheme (VAS)
to collect the content, the Video Cache Decision Scheme (VCDS) to decide whether to
cache or not and where to cache the content, and the Video Partitioning Scheme (VPS)
to divide the content of the video file into three blocks and cache these three blocks in

the nearest three neighbour routers to the edge.

In Chapter Six, the simulation results showed that the CPVP approach raises the
average cache hit rate, lowers server load, and shrinks the size of the entire network.
Positive effects result from the average End-to-End Delay (E2EDelay) being reduced
considerably. The simulation findings highlight that in performing the performance
evaluation of the CPVP mechanism, the primary goals of this work have been entirely
met. Generally, it registered the highest enhancement percentage at 56.5% of LCE
using the GEANT topology. While it registered the lowest percentage of enhancement

at 22.3% of Prob using the GEANT topology.
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7.2 Research Contribution

By combining the prior research on NDN and VoD, this study will favour VoD users
and publishers, leading to greatly better academic learning. The main contribution
of this study was to design a CPVP mechanism to enhance the performance of the
future Internet.Moreover, three schemes, the VAS, VCDS, and VPS, are proposed for
achieving better results for the CPVP mechanism. The specific contributions consist

of the following points:

1. The adaptation of a new mechanism (CPVP) was produced for content
placement by partitioning, leading to improved caching gain and simplifying

content access by creating three new schemes:

a) Video Aggregation Scheme (VAS) is designed to collect interesting data.

b) Video Cache Decision Scheme (VCDS) is designed to decide whether to
cache or not. If it decides to cache, it chooses which router to cache and
which block of this content will be cached in this specific router.

c) Video Partitioning Scheme (VPS) decides how many chunks need to be

cached in each of the three routers.

[\S)

. The design of the CPVP mechanism can be used as a benchmark for any planned

advancements in future NDN caching.

(O8]

. The analysis of the empirical evaluation of seven placement cache mechanisms.

4. The development of a theoretical model to analyse the caching placement
problem.

5. The development of a theoretical model to analyse the coordination and non-

coordination placement mechanisms.

@)

. The development of cooperative tables, which are:

a) Cooperative Interest Chunk Table (CIC).

b) Cooperative Data Chunk Table (CDC).
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c) Cooperative Content Store Table (CCS)

d) Cooperative Pending Interest Table (CPIT)

7. The development of a new NDN caching system for video-on-demand

applications results in the following contributions that are relevant:

a) Raising the average cache hit proportion of the requested content items,
making it more effective for data queries of frequently visited objects.

b) Reducing average E2EDelay for the results of content placement, leading
to better memory management.

¢) Minimising the server load and increasing hop reduction in the network
footprint.

d) Enhancing the VoD services, which directly affect enhancing the Quality

of Services (QoS).

8. The implementation of the CPVP mechanism in ndnSIM2.0 and comparison
of its outcomes with other caching placement mechanisms (LCD, LCE, and
Prob) by four topologies (Tree, Abilene, GEANT, and DTelekom) in terms
of the server load reduction, average cache hit ratio, E2EDelay, and decrease
in network footprint allowed for the verification and validation of the CPVP
mechanism.

9. Enhancing VoD services in academic settings can transform the learning
experience by providing greater accessibility, personalisation, and engagement.
It supports diverse learning styles, facilitates collaboration, and offers scalable,
high-quality educational content. By leveraging these benefits, educational
institutions can create a more effective, inclusive, and flexible learning

environment for students.
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7.3 Research Limitations

Despite being well-planned and incorporating various guiding principles and methods,
this research remains limited to a few specific applications. Crucially, the lack of a
specially designed NDN processor could potentially alter the simulation results when
applied to actual NDN processors. In ndnSIM 2.0, packet transmission and reception

rely on IP processors.

The suggested approach also works effectively in fixed wireless networks with
infrastructure. However, applying the proposed approach to every ad hoc network,
as in [159], will complicate the task of identifying the router with the highest number
of outgoing interfaces. Also, the new system is designed so that all three blocks can
be cached at the same time. This is possible because content is replaced based on
"Last Recently Used" (LRU), which doesn’t affect the overall result. Additionally, we
specifically designed the new mechanism, CPVP, for large-scale video services like

VoD.

7.4 Future Works

The new mechanism in this study aims to improve the performance of NDN during
VoD services by using various scenarios. However, we can pursue certain limitations
and unresolved issues in new directions. Current progress allows for the exploration of

many more directions. This section outlines some possible extensions.

Additionally, it would be intriguing to enhance the CPVP mechanism so that it can
handle all sorts of interest requests and serve as the optimum placement mechanism
for practically any material, including video files, in addition to designing a new
replacement mechanism, especially with the CPVP placement mechanism to get

sufficient storage for caching. This results in optimal service for both the consumer and
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the producer, who are not satisfied with the data size. Thus, the quality of service (QoS)

will be enhanced to ensure the Quality of Experience (QoE) to serve the consumers.

The effectiveness of CPVP was evaluated in comparison to the default placement
mechanism (LCE) of NDN, the Prob placement mechanism [16]], and LCD (which
obtained less redundancy than the LCE). In various network scenarios, such as
cloud infrastructure and 5G networks, it would be beneficial to contrast its efficiency
with other mechanisms. Moreover, four topologies—Tree, Abilene, GEANT, and
DTelekom—were used to produce the total simulation findings. However, comparing

the performance of CPVP to other indicators would also be helpful.

Enhancing the QoE of Customers: Today, to improve the QoE of the customers,
the congestion control policy should cooperate with other QoS mechanisms, such as
traffic conditioning and queue scheduling, so that the combined output can assist us in
providing less E2EDelay and increasing the server load reduction, average cache hit

ratio, and network footprint reduction.
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