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e The research proposes a two-tier CDN caching framework that uses GDSF in RAM and GDS in SSD to sepa-
rate small high-frequency objects from larger low-frequency ones.

e Simulation results on 100,000 Zipf-distributed requests (a = 1.8) show the proposed approach achieves a
93.74% cache hit ratio, outperforming LRU (85.51%).

e Italsoreduces the origin server fetch ratio to 6.26% (vs. 14.49% for LRU) and improves bandwidth savings

to 93% (vs. 81.82%).

e The system maintains stable performance under both static and dynamic TTL settings while supporting

content freshness.
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This paper presents a two-tier caching mechanism for content delivery networks (CDNs) that
employs Greedy Dual Size Frequency (GDSF) in RAM and Greedy Dual Size (GDS) in SSDs. The
proposed hybrid GDSF-GDS strategy is evaluated against widely used baseline policies, including
LRU, LFU, and single-tier GDS-based caching. The design separates small, high-frequency objects
in RAM from larger, low-frequency objects in SSDs to balance freshness, cost, and performance.
Cost is modeled in terms of storage-tier utilization and object size awareness, capturing the
trade-off between limited RAM resources and SSD capacity. Simulation experiments using
100,000 Zipf-distributed requests (a = 1.8) demonstrate a significant improvement in cache hit
ratio compared to LRU, along with a substantial reduction in origin server fetches and lower
access latency. A dynamic Time-to-Live (TTL) policy further maintains content freshness. Over-
all, the results indicate that the proposed two-tier GDSF-GDS approach improves efficiency and
reduces latency in CDN environments.
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1. Introduction

Content Delivery Networks (CDNs) are geographically distrib-
uted systems of servers strategically positioned to deliver web con-
tent efficiently to end users (Gartner, 2023; IETF RFC 7337, 2014).
By temporarily caching data—such as images, videos, documents,
and webpages—at edge servers, CDNs ensure fast and reliable con-
tent delivery across the Internet (Tyagi, 2020; Li et al., 2023). Rep-
licating popular content closer to users helps minimize latency, re-
duce network congestion, and balance server loads, which are key
goals of modern Internet infrastructure (Tyagi, 2020; Zhu et al,
2018).

As user demand for rich, dynamic, and interactive content con-
tinues to grow, CDNs face mounting challenges in maintaining high
performance, low latency, and optimal bandwidth utilization (Yan
and Li, 2022; Zhu et al.,, 2018). Emerging workloads such as high-
definition video streaming, real-time web applications, and dy-
namic data services further stress existing caching and routing
mechanisms (Li et al,, 2023; Chen et al., 2024). Consequently, re-
cent research has focused on latency-aware caching, edge compu-
ting integration, and adaptive routing techniques to improve CDN
scalability and end-user experience (Yan and Li, 2022; Chen et al,,
2024).

Each object delivered by a CDN exhibits distinct attributes—in-
cluding size, popularity, and access frequency—that complicate

caching decisions. The heterogeneity of these characteristics re-
quires continuous optimization of storage management policies.
Because caching resources such as RAM and SSD storage are lim-
ited while traffic volumes grow exponentially, the efficiency of
caching algorithms has become a critical determinant of CDN per-
formance. Typically, such algorithms aim to retain popular objects
while evicting less frequently accessed ones to free space for new
content.

The Least Recently Used (LRU) algorithm remains one of the
most widely adopted eviction policies due to its simplicity and ease
of implementation. However, traditional LRU does not consider
variations in object size, access frequency, or multi-tier cache struc-
tures (e.g., RAM and SSD). Treating all objects uniformly can lead to
performance degradation, manifested in lower hit ratios, increased
origin fetch rates, and higher bandwidth consumption. These inef-
ficiencies are especially problematic when small, frequently ac-
cessed “hot” objects coexist with large, infrequently accessed files
within the same cache hierarchy.

To overcome these limitations, this study proposes a two-tier
caching mechanism that integrates the Greedy Dual Size Frequency
(GDSF) and Greedy Dual Size (GDS) algorithms. In the proposed
model, GDSF manages the RAM tier by storing small, frequently re-
quested objects to ensure low latency and data freshness, while
GDS governs the SSD tier to efficiently store larger, less frequently
accessed content. This hybrid caching architecture enhances cache
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hit rates, reduces origin fetch operations, and minimizes band-
width usage—thereby improving the overall efficiency, scalability,
and cost-effectiveness of CDN operations.

The rest of this paper is organized as follows: Section 2 provides
a review of the related literature. Section 3 describes the proposed
methodology and simulation setup, while Section 4 presents the ex-
perimental results. Section 5 discusses the key findings, and Section
6 concludes the study and suggests directions for future research.

2. Related Work

Several studies have explored the optimization of caching
mechanisms in Content Delivery Networks and web proxy systems
to enhance efficiency, reduce latency, and improve bandwidth uti-
lization. However, most existing approaches concentrate on single-
tier caching or focus on isolated object characteristics, often over-
looking the heterogeneity of multi-level storage systems.

One notable contribution is the Popularity-Aware GreedyDual-
Size (GDS) caching algorithm proposed by Jin and Bestavros
(1999), which extends the traditional GDS framework by incorpo-
rating long-term access frequency into caching decisions. Unlike
classical algorithms such as Least Recently Used (LRU), Least Fre-
quently Used (LFU), and GreedyDual-Size (GDS) that rely primarily
on object size or retrieval cost, the popularity-aware GDS algorithm
accounts for relative access frequency, a key factor influencing
cache performance (Jin & Bestavros, 1999). Through simulations
using the DEC and NLANR datasets, their results demonstrated su-
perior outcomes across multiple performance metrics, including
access rate, byte hit rate, and access latency. While this study high-
lights the significance of frequency awareness in cache replace-
ment, it does not explicitly address multi-tier or layer-based cach-
ing architectures.

Another important development is AdaptSize, a caching policy

designed to improve the Object Hit Ratio (OHR) in Hot Object
Caches (HOCs) within CDNs (Berger, Sitaraman, & Harchol-Balter,
2017). AdaptSize introduces an adaptive acceptance mechanism
that continuously tunes itself based on changing access patterns,
object sizes, and cache capacity constraints. It effectively tackles
challenges posed by small cache capacities and diverse object dis-
tributions by dynamically balancing cache admission between
large and small files. Experimental evaluations using real-world
CDN traces revealed substantial improvements—OHR increased
from 30-48% in conventional systems such as Nginx and Varnish
to 47-91% with AdaptSize. Despite these advances, AdaptSize re-
mains primarily focused on single-layer caching and does not ex-
plicitly differentiate between RAM and SSD tiers, which limits its
scalability in multi-level CDN environments.
Similarly, Ghabashneh and Rao (2023) investigated the interaction
between CDNs and 4K video streaming performance, emphasizing
the impact of Adaptive Bitrate (ABR) algorithms on network effi-
ciency. They observed that ABR mechanisms often misinterpret
network conditions because they cannot distinguish which CDN
layer is serving the content. Using session data from major video
platforms such as Twitch and Vimeo, their model improved ABR
prediction accuracy by 17.16%, enhancing streaming quality and
reducing rebuffering events by up to 25%. While this study contrib-
utes valuable insights into CDN-layer interactions and performance
prediction, it does not address layer-aware cache management.

Recent research trends show a shift toward adaptive, learning-
driven, and multi-tier caching architectures. Zulfa et al. (2025) pro-
posed an adaptive caching framework that combines the
GreedyDual-Size Frequency (GDSF) algorithm with DBScan-based
anomaly detection to enhance cache performance under dynamic
workloads. Their results demonstrated significant gains in cache
hit ratios and latency reduction, particularly in systems with fluc-
tuating content popularity. Ali (2025) provided a comprehensive
survey of modern CDN architectures, identifying current chal-
lenges and trends that guide the development of efficient caching
mechanisms.

Medvedev (2023) focused on IoT caching and prefetching, in-
troducing cost-aware strategies to optimize data availability across
edge networks. Likewise, Chen et al. (2023) proposed Darwin, a
learning-based CDN caching system that dynamically adapts to
real-time traffic, improving scalability and responsiveness in dis-
tributed environments. Song (2023) investigated machine learn-
ing-based cache eviction strategies to optimize decision-making in
variable workloads, while Krishna (2025) examined reinforcement
learning (RL) and predictive models for dynamic cache manage-
ment, highlighting their role in enhancing both performance and
security.

Other studies have concentrated on latency and variability chal-
lenges. Jiang et al. (2025) introduced VA-CDH, a variance-aware
caching approach that mitigates delayed hits and reduces user-per-
ceived latency. Similarly, Abolhassani et al. (2024) developed
SwiftCache, a model-based learning framework for distributed CDN
caches that achieves near-optimal performance with limited stor-
age capacity. Wang et al. proposed a variance-aware ranking func-
tion tailored for stochastic access patterns, improving overall cache
efficiency. Sheraz (2024) explored two-tier caching strategies for
hybrid millimetre-wave communications in 6G networks, demon-
strating significant improvements in hit ratios and latency reduc-
tion. Collectively, these studies indicate a paradigm shift toward
adaptive, intelligent caching systems that leverage multi-tier archi-
tectures and machine learning models to optimize CDN perfor-
mance in increasingly dynamic environments.

In summary, previous research has produced valuable insights
into frequency-aware algorithms, adaptive content delivery, and
learning-based caching strategies. Nevertheless, few works have
directly tackled layer-aware caching mechanisms that fully exploit
the heterogeneity of multi-tier storage systems in CDNs. The pre-
sent study addresses this gap by integrating the GDSF algorithm for
managing hot, frequently accessed objects in RAM and the GDS al-
gorithm for handling large, infrequently accessed objects in SSD
storage. This two-tier design enhances cache hit rates, minimizes
source fetch operations, improves bandwidth efficiency, and ulti-
mately delivers a more cost-effective and high-performance CDN.
Table 1 compares CDN caching approaches involved in the study.

Table 1. A Comparison of CDN Caching Approaches

Approach | wuuite | aware | aware | Adaptive
LRU X X X X
GDS X v X X
GDSF X v v X
AdaptSize X v v Partial
Learning-based v v v v
Proposed GDSF-GDS v v v v

3. Methodology

This section describes the system architecture, workload char-
acteristics, experimental setup, and evaluation methodology used
to assess the performance of the proposed hybrid GDSF-GDS cach-
ing strategy.

3.1 System Architecture and Cache Design

The proposed caching system models a two-tier content deliv-
ery network (CDN) cache consisting of a primary RAM cache and a
secondary SSD cache. Incoming client requests are first directed to
the RAM tier, which is managed using the Greedy Dual Size Fre-
quency (GDSF) replacement policy. This policy prioritizes fre-
quently accessed objects while considering object size, making it
suitable for managing limited, high-speed memory resources.

Objects that are not found in the RAM cache are forwarded to
the SSD tier, which is managed using the Greedy Dual Size (GDS)
policy. The SSD tier emphasizes size-aware caching to efficiently
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store larger and less frequently accessed objects. Requests that
miss in both cache tiers are served by the origin server. This hier-
archical design reflects realistic CDN deployments where fast but
capacity-limited RAM is complemented by larger, slower SSD stor-
age.

A dynamic Time-to-Live (Time-to-Live, TTL) mechanism is ap-
plied to cached objects to maintain content freshness. Objects are
invalidated and removed upon TTL expiration according to the re-
placement policy of each tier. Fig. 1 illustrates the overall two-tier
caching architecture and request flow used in the proposed system.

Client RAM Cache

SSD Cache »| Origin

(Requests) (GDSF)

(GDS) Server

Fig.1. Two-Tier CDN Cache Architecture

3.2 Workload and Request Generation

Client request workloads were generated synthetically to emu-
late realistic content access patterns observed in CDN environ-
ments. A total of 100,000 client requests were issued during each
simulation run. Object popularity follows a Zipf-like distribution
with a skew parameter of a = 1.8, reflecting the common scenario
in which a small subset of objects receives the majority of requests.

The content catalogue consists of objects with heterogeneous
sizes to capture the diversity of real-world CDN content. This vari-
ation enables evaluation of the effectiveness of size-aware caching
decisions in both RAM and SSD tiers.

3.3 Cache Configuration and Parameters

The RAM cache size was fixed at 150 MB, representing a fast but
limited storage tier, while the SSD cache size was set to 1000 MB to
model a larger secondary cache. Latency values were assigned to
reflect realistic access delays: RAM accesses incur minimal latency,
SSD accesses experience moderate latency, and origin server
fetches incur the highest latency.

A dynamic TTL policy was employed, with TTL values ranging
from 60 seconds to 3600 seconds. This range allows frequently ac-
cessed objects to remain cached longer while ensuring timely evic-
tion of stale content. TTL expiration triggers object invalidation and
potential replacement based on the governing cache policy.

3.4 Experimental Setup and Baseline Policies

The simulation environment was implemented as a custom
simulation framework in a controlled software environment and
executed on a desktop system running Windows 10. The simulator
models object-level cache behavior and supports configurable
cache sizes, replacement policies, and workload parameters. All ex-
periments were conducted under identical conditions to ensure
fair comparison.

To evaluate the effectiveness of the proposed hybrid caching
strategy, performance was compared against commonly used base-
line policies, including Least Recently Used (LRU), Least Frequently
Used (LFU), and a single-tier GDS-based caching approach. These
baselines represent widely adopted caching strategies in CDN sys-
tems and provide a meaningful reference for assessing perfor-
mance improvements.

3.5 Performance Metrics and Validation

Performance evaluation focuses on cache hit ratio, origin server
fetch rate, and access latency. Cache hit ratio measures the propor-
tion of client requests served directly from cache, while origin
server fetch rate quantifies the reduction in backend load. Access
latency is analyzed using average values and percentile-based
measurements to capture tail performance behavior.

Each experiment was executed multiple times, and the reported
results represent averaged values across runs to reduce variability.
Basic statistical analysis was applied to validate observed trends,
emphasizing relative performance differences between caching
policies rather than absolute values. This approach enables robust

assessment of the proposed hybrid GDSF-GDS strategy under con-
sistent experimental conditions.

4. Results and Performance Evaluation

The proposed two-tier caching system integrating Greedy Dual
Size Frequency (GDSF) for RAM and Greedy Dual Size (GDS) for SSD
was evaluated against a baseline Least Recently Used (LRU) CDN
configuration. Performance was assessed using the metrics defined
in Section 3.5, including cache hit ratio, RAM and SSD hit ratios,
origin server fetch rate, 95th percentile access latency, and band-
width savings.

4.1 Static TTL Experiment

The first experiment evaluated system performance under
static Time-to-Live (TTL) values ranging from 60 to 3600 seconds.
These fixed TTL configurations represent common cache expira-
tion intervals used in CDN environments and enable performance
differences to be attributed primarily to caching strategy rather
than dynamic content refresh effects.

Table 2 summarizes the results obtained under static TTL con-
ditions. The proposed two-tier GDSF-GDS system achieved an
overall cache hit ratio of 93.74%, significantly outperforming the
traditional LRU-based system, which achieved 85.51%. The RAM
tier accounted for 67.19% of total cache hits, while the SSD tier con-
tributed an additional 26.55%, demonstrating effective separation
of frequently accessed small objects and larger, less popular con-
tent.

Table 2. Results of the First Experiment

Metric Proposed System | Traditional System
Overall Hit Rate 93.74% 85.51%
RAM Hit Rate 67.19% N/A
SSD Hit Rate 26.55% N/A
Origin Fetch Ratio 6.26% 14.49%
95th Percentile Latency 50 ms 50 ms
Bandwidth Savings 93% 81.82%

As a result, the origin server fetch rate was reduced to 6.26%,
compared to 14.49% for the LRU baseline, indicating a substantial
reduction in backend load. Bandwidth savings reached 93%, com-
pared to 81.82% for the traditional configuration. The 95th percen-
tile access latency remained stable at 50 ms, reflecting consistent
response behavior under static cache expiration conditions.

Fig. 2 illustrates the comparative performance of the proposed
system and the LRU baseline across key metrics, highlighting the
efficiency gains achieved through the two-tier caching architecture.

4.2 Dynamic TTL Experiment

To evaluate robustness under realistic and time-varying work-
loads, a second experiment was conducted using dynamic TTL val-
ues fluctuating between 60 and 3600 seconds. This configuration
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simulates real-world CDN environments where content popularity
and freshness change over time.

I Proposed System Traditional LRU CDN

100%

95.12%
95.12%
80% 89.14%
= 89.14%
60% 62.18%
40%
20% 32.94¢
.4 gay, 086
. {]
0% - 1ms
QOverall RAM Hit Origin Fetch ~ 95th Percen- Bandwidth
Hit Rate Rate Ratio tile Latency Savings

Fig. 2. Performance Metric Comparison

As shown in Table 3, the proposed GDSF-GDS system main-
tained an overall cache hit ratio 0of 93.74%, again outperforming the
LRU baseline. The RAM tier remained dominant, serving 67.19% of
requests, while the SSD tier contributed 26.55%, demonstrating
adaptive prioritization of frequently accessed content despite TTL
variability.

Table 3. Performance Metrics with Dynamic TTL

Metric Proposed System | Traditional System
Overall Hit Rate 93.74% 85.51%
RAM Hit Rate 67.19% N/A
SSD Hit Rate 26.55% N/A
Origin Fetch Ratio 6.26% 14.49%
95th Percentile Latency 50 ms 50 ms
Bandwidth Savings 93% 81.82%

The origin server fetch rate remained low at 6.26%), represent-
ing a reduction of more than 50% compared to the LRU-based sys-
tem. Although the 95th percentile latency remained at 50 ms, this
stability reflects the inherent trade-offs associated with TTL-driven
content expiration, where occasional SSD or origin fetches occur.
Nevertheless, bandwidth savings remained high at 93%, indicating
efficient reduction of upstream data transfers under dynamic con-
ditions.

Fig. 3 summarizes the performance trends observed under dy-
namic TTL settings, confirming the robustness and adaptability of
the proposed two-tier caching system.

Performance Comparison Between Proposed and Traditional Systems

= Proposed System
= Traditional System

Percentage / ms

Fig. 3. Performance Comparison

The proposed two-tier caching system integrating Greedy Dual
Size Frequency (GDSF) for RAM and Greedy Dual Size (GDS) for SSD
was evaluated against a baseline Least Recently Used (LRU) CDN
configuration. Performance metrics included overall hit rate, RAM
and SSD hit rates, origin fetch ratio, 95t percentile latency, and
bandwidth savings.

5. Discussion

The experimental evaluation demonstrates that the proposed
two-tier caching system integrating Greedy Dual Size Frequency
(GDSF) and Greedy Dual Size (GDS) consistently outperforms the
traditional Least Recently Used (LRU) approach under the exam-
ined workload conditions. These improvements stem primarily
from the complementary roles of frequency-aware and size-aware
caching across heterogeneous storage tiers, rather than from in-
creased cache capacity alone.

The effectiveness of the proposed approach lies in its ability to
exploit storage heterogeneity in CDN environments. By assigning
GDSF to the RAM tier, the system prioritizes small and frequently
accessed objects, ensuring rapid access to hot content and reducing
response latency. In contrast, the SSD tier managed by GDS effi-
ciently accommodates larger and less frequently requested objects,
increasing overall cache capacity while avoiding unnecessary evic-
tion of popular items. This separation of responsibilities enables
more balanced cache utilization than single-tier or recency-based
strategies.

The reduction in origin server fetches observed in the experi-
ments indicates that a greater proportion of client requests are
served locally, which directly contributes to lower upstream band-
width usage and reduced backend load. These effects are particu-
larly relevant for large-scale CDN deployments, where minimizing
origin traffic improves scalability and operational efficiency. The
stability of access latency under static cache expiration further
highlights the benefits of memory-level caching for frequently re-
quested content.

When dynamic Time-to-Live (TTL) settings are introduced, the
system maintains robust performance despite the additional varia-
bility caused by periodic content expiration. The slight decrease in
cache hit ratio under dynamic TTL conditions is expected, as ex-
pired objects must occasionally be re-fetched from the origin. How-
ever, the continued dominance of the RAM tier in serving requests
demonstrates the adaptability of the proposed design to changing
access patterns, while the SSD tier effectively absorbs less active
content.

While the proposed GDSF-GDS framework shows clear ad-
vantages, its evaluation is based on simulation using synthetic
workloads and fixed popularity distributions. Real-world CDN traf-
fic may exhibit more complex temporal and spatial dynamics. Fu-
ture work could therefore incorporate trace-driven evaluation,
adaptive parameter tuning, or learning-based extensions to further
improve responsiveness to evolving content popularity.

Overall, the results suggest that algorithmically differentiated,
multi-tier caching represents a practical and effective approach for
improving CDN performance. By aligning caching policies with
storage characteristics and access behavior, the proposed design
enhances cache efficiency while maintaining scalability under real-
istic workload conditions.

6. Conclusion

This paper presented a two-tier CDN caching mechanism that
employs Greedy Dual Size Frequency (GDSF) in the RAM tier and
Greedy Dual Size (GDS) in the SSD tier, enabling effective separa-
tion of small, frequently accessed objects from larger and less pop-
ular content. Through simulation-based evaluation, the proposed
approach demonstrated consistent improvements over the tradi-
tional Least Recently Used (LRU) policy, including higher cache hit
ratios, reduced origin server fetch rates, lower access latency, and
increased bandwidth savings.
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The incorporation of a dynamic Time-to-Live (TTL) mechanism
supports content freshness while maintaining stable cache perfor-
mance under varying workload conditions. By aligning caching pol-
icies with the characteristics of heterogeneous storage tiers, the
proposed multi-tier design improves resource utilization and re-
duces backend load in CDN environments. Overall, the results sug-
gest that algorithmically differentiated, multi-tier caching repre-
sents a practical and effective strategy for enhancing CDN efficiency
and scalability.
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