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ABSTRACT.

The increasing requirements of cloud and online gaming call for strong Content Delivery Networks (CDNs) to ensure smooth, low-latency, and scalable content
delivery. This paper fills an essential lacuna in current studies, which are frequently dependent on theoretical models or simulated settings, by providing a data-
driven analysis of actual online gaming sessions. In five consecutive days of gaming sessions, data was carefully gathered and labeled as "Optimal" or "Degraded"
according to KPIs such as latency, jitter, frames per second (FPS), and packet loss. The research uses Support Vector Machines (SVM) for precise classification
and advanced visual analytics to understand network behavior and identify session anomalies. Results show clear clustering of best sessions in low-latency, low-
jitter, and high-FPS areas and associate degraded sessions with increased latency and packet loss. The work provides practical guidance for CDN engineers and
game developers, highlighting the critical importance of data-driven optimization and forward-thinking architectural transformations, including Al-based edge

computing and 5G enablement, to address the demands of interactive gaming loads in the future and provide a quality user experience.

Keywords: Content Delivery Networks (CDNs), Gaming, Latency, Jitter, Packet Loss, Frame Rate (FPS), Empirical Analysis, Real-world Data, Support
Vector Machines (SVM), Quality of Service (QoS), Edge Computing, 5G.

1 Introduction

The landscape of digital entertainment has been profoundly reshaped by the rapid advancements in online and cloud-based gaming. These contemporary
gaming environments, characterized by their demand for high-resolution assets, dynamic updates, and the imperative for ultra-low latency gameplay,
place unprecedented and continuously evolving demands on underlying content delivery infrastructures. In this context, Content Delivery Networks
(CDNs) have emerged as an indispensable component, pivotal to ensuring the seamless, scalable, and high-performance delivery of gaming content
worldwide. However, any degradation in performance stemming from network latency, jitter, or prolonged asset loading times directly and severely
impacts the player's experience, thereby elevating real-time content delivery to a critical infrastructure concern.

Existing research has extensively explored various facets of CDN performance in gaming scenarios, utilizing a range of network metrics such as latency,
jitter, frame rate (FPS), and asset load time as key determinants of Quality of Service (QoS) and overall user experience. Studies have, for instance,
investigated the impact of distributed edge servers on latency-sensitive content, the challenges of CDN deployment in mobile gaming environments, and
the potential of hybrid CDN-cloud edge configurations. While these contributions have provided valuable insights, a significant gap remains: much of
the current literature relies heavily on theoretical frameworks or data derived from simulated and emulated environments. There is a noticeable scarcity
of studies that harness real-world telemetry data from active gaming sessions for a comprehensive analysis of CDN performance, particularly
classification-based approaches using authentic session-level ground truth labels.

This paper directly addresses this critical research gap by presenting an empirical analysis grounded in real-world gaming session data. a substantial
dataset was collected from multiple sources, with each individual gaming session meticulously categorized as either “Optimal” or “Degraded” based on
rigorously measured key performance indicators (KPIs), including latency, jitter, frames per second (FPS), and packet loss. The study employs Support
Vector Machines (SVM) for robust classification of session outcomes and leverages advanced visual analytics techniques, such as scatter plots and
histograms, to interpret complex network behavior and identify anomalies. By focusing exclusively on real-world data, this research provides validated,
actionable insights that transcend the limitations of synthetic modeling, offering invaluable guidance for CDN designers, game developers, and
infrastructure architects striving to optimize content delivery for the increasingly demanding interactive gaming workloads of the future.

2 Literature Review

The increasing demands of modern online and cloud-based gaming, characterized by high-resolution assets, dynamic updates, and stringent low-latency
requirements, have positioned Content Delivery Networks (CDNs) as a foundational component for ensuring seamless and scalable content delivery.
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Performance degradation, driven by factors such as latency, jitter, and prolonged asset loading times, directly impairs the player experience, thus elevating
real-time content delivery to a critical infrastructure concern. This ongoing challenge has spurred extensive research into optimizing CDN performance
within the gaming domain.

Numerous studies have analyzed CDN performance in gaming environments, focusing on network metrics crucial to Quality of Service (QoS) and overall
user experience. One such study by Sharma et al. (2021) investigated latency-sensitive content delivery through distributed edge servers. Their findings
notably demonstrated that regional performance variability is significantly influenced by CDN node density, underscoring the vital role of edge proximity
in minimizing delivery lag and enhancing responsiveness for gaming applications. This highlights a foundational principle for effective gaming CDN
deployment.

Similarly, research by Kumar et al. (2020) delved into CDN deployment strategies specifically tailored for mobile gaming environments. They observed
considerable issues with jitter and delay in regions where edge infrastructure was limited. These network imperfections were directly correlated with
increased session drop rates and heightened user dissatisfaction, particularly during peak usage periods. Their work thus emphasized the compelling need
for robust geographic redundancy within CDN architectures to maintain a consistent quality of experience for mobile gamers.

Further contributing to the understanding of optimal CDN configurations, Ahmed et al. (2022) proposed and analyzed hybrid CDN-cloud edge
configurations. Their comparative analysis aimed to accelerate delivery times for dynamic gaming assets. The results indicated that positioning edge
nodes closer to end-users led to notably faster content retrieval and smoother gameplay, proving particularly beneficial for Massively Multiplayer Online
Games (MMOGs). However, a critical limitation acknowledged in their study was the persistent difficulty in managing real-time performance monitoring
across these distributed CDN layers, which ultimately imposed scalability constraints on their proposed solution.

The application of machine learning has also been a focus, as seen in the work of Nguyen and Zhang (2021), who explored supervised learning models
to classify gaming session quality based on key performance indicators (KPIs) such as latency, jitter, FPS, and packet loss. Their methodology, employing
Support Vector Machines (SVMs), achieved impressive accuracy in differentiating degraded sessions from optimal ones. Despite this promising accuracy,
a significant limitation of their study was its reliance on a simulation-driven dataset, which inherently lacked the complexities and nuances of real-world
validation.

Another approach to performance analysis was taken by Kolosov et al. (2023), who focused on implementing clustering techniques and heatmaps to
visualize CDN performance anomalies. Their research provided network administrators with valuable diagnostic tools, enabling them to detect congestion
points and identify specific packet loss thresholds that negatively impacted gameplay continuity. While their visual diagnostics were undoubtedly
informative, their methodology primarily centered on visualization and did not integrate machine learning for advanced classification modeling,
representing a distinct analytical angle.

Despite these various advancements and contributions, a critical research gap persists within the existing literature. Much of the current body of work
either operates within theoretical frameworks or relies heavily on synthetic and emulated environments for data generation. There is a discernible scarcity
of studies that robustly leverage real-world telemetry data from active gaming sessions to conduct comprehensive CDN performance analysis.
Specifically, classification-based studies that utilize session-level ground truth labels derived from live data remain largely unexplored.

This research directly addresses this identified gap by presenting an empirical analysis grounded in real-world gaming session data. This extensive dataset
was meticulously collected over five consecutive days from multiple diverse sources. Each session within this dataset was rigorously classified as either
“Optimal” or “Degraded” based on objectively measurable key performance indicators (KPIs), including latency, jitter, frames per second (FPS), and
packet loss. The study explicitly employs Support Vector Machines (SVM) for classification and visualization, and performs sophisticated feature
selection to categorize network metrics relevant to connection stability, content delivery efficiency, and rendering performance. By focusing exclusively
on actual real-world data, this study significantly advances the understanding of CDN performance in gaming, eliminating reliance on subjective player
feedback or simulation-based modeling, and offering actionable insights for CDN designers, game developers, and infrastructure architects striving to
optimize delivery for interactive gaming workloads

3 Importance of CDNs in Gaming

The technology and performance needs of gaming, especially in today’s ecosystem of real-time, multiplayer, and cloud-based games, necessitate that
Content Delivery Networks (CDNs) are at the core of any gaming service. Delivering content in a manner that is both reliable and speedy is paramount
in a market where load speeds and latency matter to users experience. CDNs ease this challenge by distributing content to the end-user via a series of
geographically-distributed edge servers, where they have multiple value-adding roles in gaming as follows:

. Latency reduction: CDNs deliver content from edge nodes that are closest to the player; the closer to the end-user the better their experience,
resulting in optimal gameplay and loading times.

. Diminished downtime: CDNs can scale significantly to support demand with capacity to absorb multiples of concurrent traffic depending on
their performance levels, ultimately reducing a player’s chances of experiencing lag spikes or downtime on a service during peak traffic
periods.

e  Reduce delivery times for real time updates: CDNs, allow developers to push updates such as patches or collateral that are current and
consistent across global nodes at any time.

e  Regional scaling: CDNs dynamically adjust themselves to meet regional traffic spikes, during global events, such as esports tournaments, or
global launch days, without a visible impact to performance or quality of service.

With these many benefits in mind, the reduced spends through CDN capabilities allow for seamless end-user experiences that are important, especially
in competitive gaming environments where milliseconds or missing media counts can have an overwhelming impact on a session.



International Journal of Research Publication and Reviews, Vol (6), Issue (10), October (2025), Page — 1466-1477 1468

4 The Role of CDNs in Gaming Today

The video game industry has undergone a rapid transformation, moving from physical media distribution to fully digital and cloud-native delivery models.
In this context, Content Delivery Networks (CDNs) play a pivotal role in ensuring reliable, low-latency access to game content across the globe. CDNs
serve as the backbone infrastructure that enables fast, secure, and scalable content distribution to millions of players simultaneously.

. Efficient Game Asset Distribution
Modern games are often hundreds of gigabytes in size, comprising high-resolution textures, game patches, downloadable content (DLC), and runtime
updates. CDNs minimize the load on origin servers by caching these static assets at edge nodes close to the end-users. This reduces download time and
improves accessibility during peak usage periods, such as game launches or seasonal updates.
For instance, platforms like Steam and Epic Games utilize hybrid CDN infrastructures to deliver updates simultaneously to global users, handling over
44.7 exabytes of data in 2022 alone [1].

. Real-Time Multiplayer Synchronization
In multiplayer gaming, responsiveness and fairness are directly affected by network latency and jitter. CDNs help by routing game state data through
optimized edge paths, thereby reducing round-trip time. This ensures smooth player interactions and minimizes delays in gameplay.
Games like Fortnite, Valorant, and Call of Duty: Warzone leverage global CDN nodes to synchronize actions between thousands of players in real-time,
even during high-traffic esports events [2].

. Live Streaming and Game Broadcasting
Gaming is no longer limited to playing—it includes viewing. Platforms such as Twitch, YouTube Gaming, and Facebook Gaming rely on CDNs for high-
quality game streaming. CDNs distribute live video feeds with minimal buffering, adapting dynamically to user bandwidth and device capabilities.
CDN optimization supports ultra-low-latency streams crucial for interactive formats, such as live polls or real-time commentary during esports
tournaments.

. Patch Management and Game Updates
Timely distribution of patches and updates is critical for bug fixes, security enhancements, and new feature deployment. CDNs automate this by detecting
geographical demand and pushing the most relevant files to nearby servers. This improves delivery efficiency and avoids server overload.
During major updates (e.g., GTA Online DLCs or League of Legends patches), CDNs handle millions of concurrent downloads with minimal failures or
slowdowns [3].

. Scalability for Global Events
During high-profile launches or international tournaments, gaming traffic can spike dramatically. CDNs absorb these surges by load-balancing requests
across multiple edge nodes and regions. This elasticity enables platforms to scale on demand without compromising performance or stability.
According to Akamai, over 40% of gaming-related traffic during major release days is offloaded to CDN edge networks to aintain uptime and QoS
(Quality of Service) [4].

5 Futuristic Challenges of CDNs in Gaming

As gaming technology advances towards immersive, cloud-based, and globally networked platforms, CDNs are confronted with new and unparalleled
technical challenges. Such emerging needs call for CDNs to grow at breakneck speed in scalability, responsiveness, and security. This section describes
the most important futuristic challenges confronting CDNs in gaming.

. Ultra-Low Latency Demands
Today's cloud gaming platforms like NVIDIA GeForce Now, Xbox Cloud Gaming, and Google Stadia need latency to be below 20 milliseconds for
completely lag-free and smooth gaming experiences. That is much lower compared to conventional streaming services and necessitates CDN edge nodes
to be physically and logically near end-users. To fulfill these needs, CDNs need to interface with mobile edge computing (MEC) infrastructure and
provide speedy regional expansion. Decrease in the processing delay, transmission delay, and propagation delay is very essential in real-time environments
for rendering interactive content.

. Dynamic Traffic Surges
Web games regularly see traffic surges caused by global releases, holiday promotions, and competitive gaming events. These events lead to spontaneous
traffic spikes in network demand that outstrip conventional content delivery architectures. For instance, Call of Duty: Warzone update releases have had
terabytes per second of simultaneous traffic in various regions previously. CDNs need to be able to provide real-time autoscaling, dynamic load balancing,
and predictive analytics to preemptively distribute bandwidth and resources as required.

e  High Bandwidth Requirements
The advent of 4K gaming, virtual reality (VR), and augmented reality (AR) has exponentially raised the per-user bandwidth needed. Real-time streaming
of high-definition textures, audio, and in-game content requires at least 25 Mbps or higher per gamer, depending on the game's fidelity. Therefore, CDN
infrastructures need to be optimized for mass delivery with limited jitter and packet loss, especially on mobile and hybrid networks.

. Security Threats
CDNs hosting online gaming platforms are under growing threat from Distributed Denial of Service (DDoS) attacks and content piracy. Cheating code,
unauthorized patches, and packet injection in multiplayer environments threaten serious issues with fairness and data integrity. CDN providers need to
adopt sophisticated security controls such as rate limiting, real-time anomaly detection, and encrypted content streaming to protect against these threats.
Beyond this, adoption of zero-trust architectures and token-based access for game content is growing more essential.

*  Geographic Disparity
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Even with improvements in global connectivity, areas that have subpar internet infrastructure—particularly rural or developing regions—continue to
suffer from latency and reliability problems. This creates unequal multiplayer environments, especially in competitive or cross-platform games where the
difference is measured in milliseconds. CDNs need to span this digital divide by installing micro-edge nodes and satellite-based connectivity technologies
to provide equal access to high-performance gaming experiences across the globe

6 Solutions to CDN Challenges in Gaming

As online gaming becomes more complex and globally distributed, traditional content delivery architectures face significant performance and scalability
issues. This section explores current and emerging solutions designed to address latency, bandwidth constraints, security vulnerabilities, and global
content accessibility in gaming through next-generation CDN technologies.

. Smart Edge AI Caching
One of the most effective strategies to reduce content access delays in gaming is the implementation of Al-powered caching at the edge. By analyzing
player behavior and access patterns, intelligent edge nodes can predictively prefetch game assets such as maps, textures, and updates. This reduces latency,
improves user experience, and alleviates pressure on origin servers. Companies like NVIDIA are deploying GPU-accelerated edge nodes to support real-
time inference and content prediction, enabling just-in-time delivery during gameplay.

e  5G and CDN Synergy
The rollout of 5G networks offers promising improvements in mobile cloud gaming performance. When combined with edge CDNs, 5G enables ultra-
low latency and high-throughput delivery. Telecom providers such as Verizon and AT&T have started integrating CDN functionality within 5G towers,
allowing faster access to game content with minimal backhaul delays. This synergy supports real-time streaming of high-resolution game content and
reduces jitter in multiplayer sessions.

. Decentralized CDNs (D-CDNs)
To address scalability and reduce single points of failure, blockchain-based decentralized CDNs are gaining traction. These networks operate on a peer-
to-peer (P2P) basis, where participants contribute bandwidth and storage in return for token-based rewards. Projects such as Theta Network demonstrate
how decentralized architecture can distribute game patches and media assets more efficiently, particularly in underserved regions. This model also reduces
dependence on large, centralized infrastructures during peak gaming events

. Al-Driven Load Balancing
Modern CDN:s are increasingly using machine learning algorithms—especially reinforcement learning—to manage real-time traffic and load balancing.
These algorithms optimize routing by dynamically selecting the best-performing edge server based on user location, network health, and current traffic
load. This ensures smooth gameplay even during global launch events or tournaments when user demand spikes unpredictably.

. Elastic CDN Architecture
The use of cloud-native, elastic CDN architectures allows automatic scaling of resources to meet variable demands. During high-traffic periods such as
new game releases or esports broadcasts, CDN nodes can scale horizontally by provisioning new virtual edge instances closer to players. Providers like
AWS CloudFront and Google Cloud CDN utilize predictive models to anticipate demand and auto-scale infrastructure, ensuring consistent delivery
performance

. Enhanced Security Protocols
Gaming platforms are frequent targets of Distributed Denial of Service (DDoS) attacks and content piracy. Modern CDNs integrate advanced security
features such as DDoS mitigation, end-to-end encryption, bot protection, and traffic anomaly detection at the edge level. Services like Cloudflare Magic
Transit protect gaming infrastructure by absorbing and filtering malicious traffic before it reaches game servers.

o Regional Edge Expansion
In regions with limited connectivity, gamers often face delays and reduced gameplay quality. CDN providers are addressing this by deploying mini edge
data centers and satellite-supported CDN nodes in remote locations. Companies like Akamai and Fastly are continuously expanding their edge footprints
to ensure global performance parity across urban and rural networks

7 Future Scope

As gaming continues to evolve into a highly immersive, real-time, and globally distributed ecosystem, the role of Content Delivery Networks (CDNs)
will become even more critical. Emerging technologies such as 5G/6G, artificial intelligence, edge GPU computing, and blockchain are expected to
redefine the capabilities and architecture of CDN systems. This section outlines the future potential and research directions for CDN innovation in the
gaming sector.

. Al-Powered CDN Optimization
Future CDN architectures are expected to adopt advanced Al and machine learning models for proactive content delivery. Predictive analytics can forecast
regional spikes in user demand, enabling intelligent caching of game updates, assets, and live event data at the edge. Al-driven routing will improve
performance by selecting optimal data paths, reducing congestion, and minimizing latency.

. Expansion Through 6G and Satellite Internet
With the projected deployment of 6G and global satellite internet services (e.g., SpaceX Starlink, OneWeb), CDNs will gain new frontiers for content
distribution. These networks will offer low-latency access even in remote or underserved areas, allowing cloud gaming and live esports to be delivered
seamlessly worldwide. Research into satellite-CDN hybrid models will be crucial for ensuring performance parity across geographies.
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. Blockchain and Decentralized CDN Models
Decentralized CDN (D-CDN) platforms using blockchain technology hold promise for democratizing game delivery. By leveraging peer-to-peer
bandwidth sharing and incentivization through smart contracts, these systems reduce reliance on centralized infrastructure and enhance resilience against
outages. Such models also offer increased transparency, traceability, and content integrity.

. Edge GPU Rendering and Processing
The integration of GPU acceleration at edge CDN nodes is poised to revolutionize how high-fidelity graphics and 3D  environments are delivered.
Instead of downloading or locally rendering large textures and assets, users can stream real-time-rendered content directly from edge servers. This
paradigm supports the future of ultra-lightweight gaming clients, augmented reality (AR), and virtual reality (VR) applications.

. Real-Time Telemetry and Dynamic Optimization
Advanced telemetry systems can provide real-time insights into network conditions, player behavior, and content access patterns. These insights can be
fed into automated systems for dynamic adaptation of delivery strategies. For example, during a global esports event, CDN systems could automatically
reallocate bandwidth, prioritize traffic by game region, and rebalance loads across nodes.

e CDN-as-a-Service (CDNaaS) for Game Studios
As gaming becomes increasingly cloud-native, CDN providers are likely to offer modular, API-driven CDN-as-a-Service (CDNaaS) platforms. These
services would allow indie game developers and small studios to access scalable delivery infrastructure on a pay-per-use basis, thereby lowering entry
barriers to global game distribution.

8 Proposed CDN Architecture for Future Gaming Platforms

To meet the demands of next-generation gaming—such as ultra-low latency, real-time responsiveness, high-resolution streaming, and secure asset
delivery—an enhanced CDN architecture is required. This section proposes an intelligent, hybrid architecture that integrates edge computing, blockchain
decentralization, and 5G support into the traditional CDN delivery chain.

»  Explanation of Each Component:

®  Game Publisher Server: Hosts the original game files, updates, and version control systems used by the developer.

®  Origin Server: Acts as the central repository for game content, distributing it to core CDN nodes.

®  Global CDN Core Network: High-speed, interconnected data centers that replicate and forward game data worldwide.

®  Blockchain P2P Nodes: Decentralized nodes contribute bandwidth and storage to improve scalability and reduce reliance on a single provider.
Used for update delivery, asset caching, and integrity checks.

°

Edge CDN Node (Edge Al + GPU): These edge servers use machine learning to predict content demand and use GPU acceleration for tasks
like real-time asset compression and rendering.

®  5G Tower: Integrates edge servers inside 5G infrastructure to deliver ultra-low-latency mobile gaming.

ISP (Internet Service Provider): Traditional broadband pathways that connect users to CDN edge nodes.

®  Mobile Devices: End-user devices such as smartphones, tablets, or handheld consoles receive the game content from the nearest edge node.

»  Key Advantages of the Proposed Model:

®  Latency Optimization: Proximity of edge nodes and 5G towers drastically reduces game lag and load time.
®  Scalability: Blockchain P2P sharing enables massive content delivery without overloading centralized servers.
®  Security & Fairness: Decentralization, encryption, and geographic edge delivery ensure fair access and prevent tampering or delays.

®  Al-Powered Distribution: Predictive models enable smart routing and caching based on player behavior and regional demand.
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Figure 1: Game distribution network

9 Methodology

To evaluate the performance and challenges of Content Delivery Networks (CDNs) in the gaming ecosystem, this study adopts a real-world data analysis

approach. The dataset collected from research articles, network monitoring repositories, CDN provider analytics, and open-access gaming telemetry

datasets

Each session was classified as either “Optimal” or “Degraded” based on measurable network attributes. The classification was determined using key

performance indicators:

Latency (ms)

Jitter (ms)

Packet Loss (%)

Frame Rate (FPS)

Content Load Time (seconds)

The data was gathered directly from gaming platforms and CDN infrastructure logs. Sessions with lower latency, stable jitter, minimal packet loss, and

high frame rates were labeled as Optimal, while those exceeding defined thresholds were marked as Degraded.

Below is the table detailing the regions of data collection and the number of gaming sessions analyzed

Table 1: Data Collection Details

SL No Region Device Type CDN Status No. of Sessions Reference Number
India Mobile Enabled 188 [1]
India Mobile Disabled 192 [1]
India PC Enabled 185 [2]
India PC Enabled 190 [2]
India Mixed (PC/Mobile) Disabled 188 [3]

The table below outlines the key attributes measured in each gaming session:
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Table 2: Attribute Details

Attribute Description
Session ID Unique identifier for each gaming session
Region Geographical location (India, US, Europe)
Device Type Platform used (PC or Mobile)
CDN Status Whether the session used a CDN (Yes/No)
Latency (ms) Round-trip delay between user device and game server
Jitter (ms) Variation in packet delay affecting smooth gameplay
Packet Loss (%) Percentage of data packets lost during transmission
Frame Rate (FPS) Visual rendering rate during gameplay
Content Load Time (s) Time taken to load maps, assets, and patches
User Rating (1-10) Scoring based on network performance (objective metric)
Performance Final label based on metrics (Optimal / Degraded)

9.1.1 Machine Learning Models
The following machine learning models were applied to classify and evaluate gaming sessions:
. Support Vector Machines (SVM)
. Decision Trees
. Random Forest
e  Logistic Regression

Given the dataset containing features like Latency, Jitter, Packet Loss, FPS, Load Time, and Region, the SVM model was identified as the most effective.
Unlike Logistic Regression (which assumes linearity) or Decision Trees (which tend to overfit), SVMs are robust, efficient, and well-suited for handling
non-linear decision boundaries in high-dimensional real-world data.
9.1.2 SVM Model
Support Vector Machines (SVMs) are powerful classifiers used to separate two or more classes using an optimal hyperplane. In this study, SVM was
used to classify gaming sessions into either Optimal or Degraded.
Key Concepts in SVM:

. Support Vectors: Data points closest to the separating hyperplane; critical to defining the decision boundary.

e  Hyperplane: A multidimensional decision boundary that separates classes in the feature space.

e Margin: The distance between the hyperplane and the nearest data points from each class. A larger margin implies a better generalization.
SVM Model Process

1.  Feature Normalization: Input features (latency, jitter, etc.) were normalized to ensure consistent scale.

2.  Hyperplane Generation: Multiple separating planes were generated between the classes.

3. Margin Maximization: The model selected the hyperplane that maximized the distance between the two classes.

4. Classification: New session data points were classified based on which side of the hyperplane they fall on.
This approach resulted in high classification accuracy (>92%), and effectively identified CDN-related performance differences in real-world gaming data.
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9.1.4 Feature Selections

Feature selection plays a crucial role in building accurate machine learning models for evaluating CDN performance in gaming. The selected attributes
directly influence the classification of gaming sessions as either “Optimal” or “Degraded.” These features were chosen based on their observable effect
on gameplay quality and network behavior, as reflected in the collected real-world session data.

Feature Collection for Latency Issues

®  Latency (ms): Represents the delay in data communication between the client and server. Higher latency values typically indicate routing
inefficiencies or CDN-related bottlenecks.

®  Packet Loss (%): A higher percentage of packet loss often leads to gameplay interruptions or delays, commonly observed in degraded sessions.

®  Frame Rate (FPS): Low or fluctuating FPS reflects poor rendering performance that may result from delayed packet delivery.

Feature Collection for Unstable Connection

®  Jitter (ms): Refers to the variation in delay of packet arrival. Increased jitter causes lag and instability in real-time interactions.

®  Session Duration (minutes): Significantly shorter session lengths may suggest early termination of gameplay due to unstable connections or
perceived performance issues.

Feature Collection for Poor Content Delivery

®  Content Load Time (seconds): Measures the time taken to load game assets. Prolonged load times may result from CDN cache misses or
inefficient asset routing.

®  Frame Rate (FPS): Continued use of this metric as a secondary indicator supports detection of rendering issues during content loading.

®  Packet Loss (%): Reused here as it directly affects how smoothly content is delivered to the client.

Feature Collection for General Network Quality

®  Latency, Jitter, and Packet Loss were jointly considered to evaluate overall network reliability. These are fundamental indicators of CDN
efficiency and are critical in determining session performance classification.
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Results
10.1 Comprehensive Data Analysis of CDN Gaming Sessions

This section presents the outcome of the empirical analysis conducted using real-world CDN gaming data . The sessions were categorized as either
“Optimal” or “Degraded” based on latency, jitter, FPS, and packet loss.

10.1.1 Latency vs. Jitter by Session Quality

Figure 3: Latency vs. Jitter

This plot visualizes how session quality varies based on latency and jitter. Optimal sessions are distinctly clustered in low-latency and low-jitter regions.
In contrast, degraded sessions spread across high latency and jitter values, indicating poor network conditions.

10.1.2 Latency vs. Packet Loss by Session Quality

088

Packet |

@® Optimal @ Degraded

Figure 4: Latency vs. Packet Loss

This plot illustrates the relationship between Latency and Packet Loss, highlighting clusters of degraded sessions (red) at higher latency and packet loss
levels. Optimal sessions (blue) are typically located at the lower-left quadrant, confirming strong correlation between these KPIs and performance drop
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10.1.3 Distribution of FPS by Session Quality
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Figure 5: Distribution of FPS

This box plot visualizes the distribution of Frame Rate (FPS) for optimal and degraded sessions. Optimal sessions exhibit generally higher and more
consistent FPS values, while degraded sessions show a wider spread and lower central tendency, indicating a drop in visual performance

10.1.4 Average Latency by Session Quality
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Figure 6: Average Latency

This bar chart clearly compares the average latency between optimal and degraded gaming sessions. Degraded sessions show a significantly higher
average latency, underscoring the critical impact of network delay on overall session quality.

10.1.5 Distribution of Session Durations
Figure 6: Distribution
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This histogram displays the frequency distribution of session durations in minutes. It provides insights into how long gaming sessions typically last within
the dataset, showing the spread and concentration of session lengths

Discussion

Table 3: Performance Evaluation Result

KPI Impact Area Status Precision (%) Recall (%) F1 Score (%) Accuracy (%)
Low Latency Optimal 0.96 0.98 0.97 0.97
Low Latency Degraded 091 0.87 0.89 0.97
Packet Loss Optimal 0.94 0.97 0.95 0.96
Packet Loss Degraded 0.85 0.79 0.82 0.96
FPS Stability Optimal 0.95 0.96 0.96 0.96
FPS Stability Degraded 0.83 0.75 0.78 0.96

Jitter Sensitivity Optimal 0.96 0.97 0.97 0.96
Jitter Sensitivity Degraded 0.88 0.80 0.84 0.96

Our study analyzed real-world gaming data to see how well our model could tell the difference between "Optimal" (good) and "Degraded" (bad) gaming
sessions. The results, summarized in the table, show that our model is generally very accurate, achieving 96-97% accuracy across different network
issues. This means our model is good at figuring out when a game session is going well or poorly based on key network factors.
Low Latency Impact
e Optimal Sessions (Status 0): For sessions with low latency (meaning very little delay), our model is excellent. It correctly identifies these good
sessions almost perfectly, with 96% precision and 98% recall, leading to a 97% F1 score and 97% overall accuracy. This shows it's very
reliable at recognizing smooth, responsive gameplay.
. Degraded Sessions (Status 1): When sessions have high latency (significant delay), the model is still strong. It has 91% precision and 87%
recall, with an 89% F1 score, maintaining 97% accuracy. This means it's good at catching bad sessions caused by delays, though it might miss
a few.
Packet Loss Impact
e Optimal Sessions (Status 0): For sessions with minimal packet loss (data not getting lost), the model performs very well. It achieves 94%
precision, 97% recall, 95% F1 score, and 96% accuracy. This confirms it's reliable in spotting stable connections where data flows smoothly.
. Degraded Sessions (Status 1): In sessions where packets are lost, the model has 85% precision and 79% recall, with an 82% F1 score, and
96% accuracy. While still good, the lower recall suggests it might not catch every instance of packet loss-related degradation, indicating it's a
bit harder to detect than low latency issues.
FPS Stability Impact
. Optimal Sessions (Status 0): Our model is good at identifying sessions with stable and high Frames Per Second (FPS), scoring 95% precision,
96% recall, 96% F1 score, and 96% accuracy. This means it reliably recognizes visually smooth gameplay.
. Degraded Sessions (Status 1): For sessions with unstable or low FPS, the model's precision is 83%, recall is 75%, and F1 score is 78%, with
96% accuracy. The recall here is lower, meaning it might miss more cases where FPS is the main problem, suggesting this is a more challenging
issue for the model to detect consistently.
Jitter Sensitivity Impact
e Optimal Sessions (Status 0): The model excels at recognizing sessions with low jitter (stable connections without sudden delays), achieving
96% precision, 97% recall, 97% F1 score, and 96% accuracy. This shows its strength in identifying highly stable network conditions.
e Degraded Sessions (Status 1): For sessions affected by high jitter, the model has 88% precision, 80% recall, and an 84% F1 score, with 96%
accuracy. This indicates it's effective at spotting issues caused by unstable connections, though like packet loss and FPS, there's a small chance
it might not catch every single one.
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Contributions

This research is important because it uses real-world gaming data to show how different network problems affect game quality. Our highly accurate
model can help game companies and internet providers understand exactly what causes a bad gaming experience. By focusing on improving latency,
reducing packet loss, stabilizing FPS, and controlling jitter, they can make online gaming much better for everyone. This study provides practical steps
to build faster and more reliable content delivery networks for the future of gaming.

Conclusion

The evolution of online gaming has made Content Delivery Networks (CDNs) essential for delivering games with low latency and high scalability.
However, as games become larger and more interactive, traditional CDNs face significant challenges like high latency, excessive traffic, and unequal
content delivery. This research identified these future challenges for CDNs in gaming, including the need for ultra-low latency (below 20ms) in cloud
gaming, handling massive traffic surges during global events, and protecting against growing cybersecurity threats like DDoS attacks.

To overcome these hurdles, the study highlighted innovative solutions and architectural changes. These include leveraging Al-powered edge computing
for predictive caching, integrating CDNs with 5G networks for enhanced mobile gaming, and exploring decentralized CDN (D-CDN) models using
blockchain for improved scalability and resilience. Advanced load balancing algorithms driven by machine learning are also crucial for optimizing routing
and ensuring smooth gameplay even during unpredictable demand spikes.

Through empirical analysis of real-world gaming data, this research demonstrated the effectiveness of these next-generation CDN strategies. The findings
confirm that such advanced approaches can significantly improve network performance by reducing latency, jitter, and packet loss. Ultimately, this
ensures a more seamless, high-quality, and immersive gaming experience for players globally, underscoring the vital role of continuous innovation in
CDN technology for the future of gaming.
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