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Abstract— CDN is a crucial Internet infrastructure ensuring
quick access to Internet content. With the expansion of CDN
scenarios, beyond delay, resource types like bandwidth and CPU
are also important for CDN performance. Our measurements
highlight the distinct impacts of various resource types on
different CDN requests. Unfortunately, mainstream CDN server
selection schemes only consider a single resource type and
are unable to choose the most suitable servers when faced
with diverse resource types. To fill this gap, we propose
Polygon, a QUIC-powered CDN server selection system that
is aware of multiple resource demands. Being an advanced
transport layer protocol, QUIC equips Polygon with customizable
transport parameters to enable the seamless handling of resource
requirements in requests. Its 0-RTT and connection migration
mechanisms are also utilized to minimize delays in connection
and forwarding. A set of collaborative measurement probes and
dispatchers are designed to support Polygon, being responsible
for capturing various resource information and forwarding
requests to suitable CDN servers. Real-world evaluations on the
Google Cloud Platform and extensive simulations demonstrate
Polygon’s ability to enhance QoE and optimize resource
utilization. The results show up to a 54.8% reduction in job
completion time, and resource utilization improvements of 13%
in bandwidth and 7% in CPU.

Index Terms— CDN, QUIC, resource allocation, dispatcher,
overlay network, anycast.

I. INTRODUCTION

ONTENT Delivery Network (CDN) is a vital Internet
technology that quickly delivers various content to users.
By replicating content from the source server to CDN servers
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worldwide, users can access content through nearby servers.
Appropriate assignment of CDN servers to users [1], [2],
[3] is essential for ensuring CDN service quality. Currently,
there are two types of widely used CDN server selection
methods. One uses the Domain Name System (DNS) to locate
servers with the shortest Round-Trip Time (RTT) [4], adopted
by commercial CDN providers like Akamai, Fastly, and
EdgeCast. The other solution is based on anycast routing [5],
[6], [71, [8]. Anycast [9] allows mapping the same IP address
to multiple servers and routing to the servers with the shortest
network hops according to routing protocols, making it well-
suited for CDNs. Among them, FastRoute [8], which realizes
CPU load awareness, has been deployed in Microsoft’s Bing
search engine [10].

However, these schemes have the drawback of considering
only one single resource type, resulting in the allocation
of unsuitable CDN servers when multiple resource types
are required [2], [3]. As described in our motivating case
study in Section II, different CDN requests may necessitate
different resource types. For example, downloading large
content requires high bandwidth, while obtaining a set of
small files prioritizes low latency. Moreover, methods based on
single resource types are vulnerable to population distribution,
leading to hot zone problems [11] and inefficient resource
utilization in uncrowded areas, significantly increasing service
providers’ cost [12].

To address this gap, we propose Polygon, an efficient and
scalable CDN server selection system supporting multiple
resource requirements. Polygon is built on QUIC [13], [14],
an emerging transport layer protocol, utilizing its customizable
parameters to transmit resource demand information. Equipped
with a set of dispatchers, Polygon parses the resource
information in CDN requests. Then, using real-time resource
status collected by measurement probes, it identifies the appro-
priate CDN servers and forwards the requests accordingly.
Introducing dispatchers could bring extra delays in connection
and request forwarding. To mitigate such delays, Polygon
leverages QUIC’s O-RTT handshake [15] and connection
migration mechanisms to minimize connection delays between
the client, dispatcher, and server. We conduct a real-world
evaluation on the Google Cloud Platform. Compared with
state-of-the-art solutions, Polygon improves CDN performance
with a median job completion time reduction of up to 54.8%.
Polygon also increases bandwidth utilization by 13% and CPU
utilization by 7%. Further extensive simulations demonstrate
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that Polygon can more efficiently reschedule global resources
compared with the commercial CDN schemes.

Our contributions are summarized as follows:

e We conduct a motivating case study illustrating that
different applications prioritize different resource types
when selecting CDN servers. Our goal is to handle delay-
sensitive, bandwidth-sensitive, and CPU-sensitive CDN
requests with an integrated solution.

e« We propose Polygon, a QUIC-powered CDN server
selection system that supports multiple resource demands.
Polygon leverages QUIC’s advantages to eliminate the
extra delays and overhead introduced by the dispatcher.

e Real-world experiments and extensive simulations
demonstrate Polygon’s ability to reduce job completion
time, improve resource utilization, and efficiently
reschedule global resources with a moderate overhead.

A preliminary version of this paper has been published
in [16]. The new contributions include design enhancements,
implementation optimizations, comprehensive evaluations in
real-world and simulation environments, and an in-depth
discussion of Polygon’s scalability and future research
directions. In Section III, we improve Polygon’s design on
network resource measurements, server allocation algorithms,
and resource weight vector calculations, making its operation
more effective and efficient. Real-world deployment and
extensive evaluations in various scenarios, presented in
Section IV and Section V respectively, demonstrate the
feasibility of deploying Polygon in production environments.
Designed to be a resource-efficient CDN server selection
system, Polygon can provide benefits including 1) less job
completion time, 2) higher resource utilization, 3) fewer error
requests, and 4) the capability to reschedule global resources
dynamically.

The following of this paper is organized as below. Section II
introduces the insights that inspired Polygon. Section III
describes the system design and implementation. A real-
world evaluation is presented in Section IV, followed by
extensive evaluations under various situations in Section V.
Subsequently, Section VI discusses the scalability of Polygon
and explores some future research. Section VII enumerates the
related work. Finally, we conclude our work in Section VIIIL.

II. MOTIVATING CASE STUDY

CDNs have evolved to support various content types,
including web content [17], video streaming [18], and replica
databases [19]. This section presents a case study revealing
that CDN requests for different content types rely on distinct
resource demands.

A. Three CDN Request Patterns

We select three typical websites, Twitter.com,
YouTube.com, and Microsoftonline.com, as case studies.
These sites serve millions of users globally [20] and rely
heavily on global CDN infrastructure [21], representing
online microblogging, streaming media, and productivity
tools, respectively.
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Fig. 1. Cumulative distribution functions of the ratios of waiting time and
download time.

TABLE I
RESOURCE CONFIGURATIONS IN THE CASE STUDY
IS(ZE\gljrece (S)eur;/lli(t:; Delay Bandwidth CPU
Poor 131 ms 248 Mbps 1 vCPU
Delay Medium | 112 ms 248 Mbps 1 vCPU
Good 96 ms 248 Mbps 1 vCPU
Poor 34 ms 3 Mbps 1 vCPU
Bandwidth  Medium | 34 ms 248 Mbps 1 vCPU
Good 34 ms 758 Mbps 1 vCPU
Poor 27 ms 917 Mbps 1 shared vCPU
CPU Medium | 27 ms 917 Mbps 1 vCPU
Good 27 ms 917 Mbps 4 vCPU

We analyze the waiting time and download time [22],
[23] of CDN requests on these three websites. According
to Chrome’s document [24], waiting time is defined as the
duration from sending a request to receiving the first byte of
the response, comprising one RTT and the server execution
time. A longer waiting time indicates a longer server execution
time given the same RTT delay. Download time is the duration
spent receiving data, with a longer download time suggesting
a slower network or larger data volume. These two parts
constitute the majority of time to complete CDN requests [23].
We use Chrome-HAR! to capture the waiting time and
download time, and treat each website entry as a CDN request.
The capture process for these websites is conducted on the
same machine under the same network conditions.

We calculate the ratios of waiting time and download
time for each request. The Cumulative Distribution Functions
(CDF) of these ratios for the three websites are shown in
Fig. 1. Notably, over 60% of requests on Microsoftonline.com
have a waiting time ratio exceeding 0.8, while Twitter.com
and YouTube.com have fewer requests with such high waiting
time ratios. In contrast, the download time ratios for requests
on Microsoftonline.com are smaller than those on Twitter.com
and YouTube.com.

These differences in waiting time and download time
highlight that different services rely on distinct network
resources. We introduce the concept of resource sensitivity:
the degree to which request complete time changes due to
variations in resource quality. Considering classic application
scenarios, we categorize CDN requests into three sensitivity-
related groups based on three common resource types: delay,
bandwidth, and CPU capability. These resource types are
widely recognized as representative of service resources [26].

IChrome-HAR [25] is a file format that records session data of the browsing
pages, including each entry’s timestamps, load time, and size.
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Fig. 2. JCT of the three CDN request types.

While other resources, such as network availability and storage
ability, are also important, this study focuses on these three
mainstream types as typical examples for simplicity.

« Delay-sensitive requests are sensitive to network delay,
commonly found in activities such as web browsing,
involving the retrieval of numerous small-sized contents
from web pages.

« Bandwidth-sensitive requests are sensitive to available
bandwidth, typically occur in downloading scenarios,
including downloading large files or video streaming.

o CPU-sensitive requests are sensitive to CPU capability,
frequently observed in computing tasks like database
queries that demand high I/O and intensive computation.

B. Verification on Resource Sensitivity

We conduct a case study on the Google Cloud Platform
to verify the sensitivity of three CDN request types to
different resources. The requests are emulated as follows. For
delay-sensitive requests, we crawl the front pages of Alexa
Top 500 Sites [20] and generate random visits to these pages.
For bandwidth-sensitive requests, we use a SMB video to
generate a media CDN request. For CPU-sensitive requests,
we execute 100 random queries on a database with one million
entries. Each type generates 1,000 requests and is requested
by a client running Ubuntu 18.04 LTS with one standard
vCPU and 3.75 GB of memory. For resource setup of servers,
we use “poor”, “medium”, and “good” to represent the servers’
varying service quality levels in terms of delay, bandwidth, and
CPU capability. Detailed configurations are listed in Table I.

We use job completion time (JCT) [27] as our metric.
The results in Fig. 2 show significant differences in resource
sensitivity of different request types. Delay-sensitive requests
in Fig. 2(a) and CPU-sensitive requests in Fig. 2(c) exhibit
reduced JCT as their dominant resource quality improves.
Bandwidth-sensitive requests respond to changes in both
bandwidth and delay, as shown in Fig. 2(b). Nevertheless,
bandwidth still plays a dominant role. In comparison, JCT
remains stable when irrelevant resource types change. Thus,
to optimize CDN performance, server selection must consider
multiple resource types rather than focusing on a single one.

III. DESIGN AND IMPLEMENTATION

In this section, we present the design and implementation
of Polygon. First, we show the overall workflow of our
solution (Section III-A). Then, we list the design goals
for implementing Polygon (Section III-B), where these
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Fig. 3. Workflow of polygon for CDN server selection.

goals are embedded into the following three components:
1) scalable resource information collection (Section III-C),
2) adaptive resource demand design and allocation algorithm
(Section III-E), and 3) low-latency connection and forwarding
(Section III-F). Finally, we describe the detailed implementa-
tion (Section III-G).

A. Workflow of Polygon

To realize multiple resource types perception, we propose
Polygon, a QUIC-powered CDN server selection system.
As depicted in Fig. 3, the workflow of Polygon is as follows:

Step 1 (Collecting Resource Status Information): Poly-
gon allocates CDN servers based on requests’ resource
demands and current resource availability. Therefore, Polygon
periodically collects resource information, including delay,
bandwidth, and CPU capability, from widely deployed
lightweight measurement probes (Section III-C).

Step 2 (Retrieving Resource Demand and Selecting Suitable
Servers): Unlike previous solutions that directly send CDN
requests to servers, the requests are first directed to an in-
network dispatcher via anycast routing. Then, the dispatcher
retrieves the request’s resource demand set specified by the
CDN provider or application developers (Section III-D) and
selects suitable CDN servers using the Demand Restriction
Allocation algorithm (Section III-E).

Step 3 (Forwarding Request to Selected Server): After
selecting the appropriate CDN server, the dispatcher forwards
the request to it. The server may be located in the same
geographic region or in another. To reduce the delay caused by
cross-region forwarding, Polygon establishes a fast-forwarding
overlay network among dispatchers (Section III-F).

Step 4 (Establishing Connection and Data Flows): Upon
receiving the request, the server sends a response with a
migration signal to the client. Leveraging QUIC’s connection
migration function, the client seamlessly transfers the
connection endpoint from the dispatcher to the server, avoiding
the need to establish a new connection (Section III-F).

B. Design Goals

In the above workflow, we involve three modules: 1)
resource information collection, 2) resource demand design
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and allocation algorithm, and 3) connection and forwarding
optimization. We systematically design these modules to
facilitate Polygon with the following goals.

Goal 1 (Efficient and Scalable Resource Status Monitoring):
The vast number of server-client pairs makes it impractical to
measure the end-to-end links for all pairs within a reasonable
timeframe. Additionally, due to the dynamics of the Internet,
the resource status might be quite different between adjacent
moments. Therefore, resource status monitoring must be
efficient and scalable.

Goal 2 (Adaptability to Diverse Usage Scenarios): Polygon
must be adaptive to diverse applications and varying expertise
levels, supporting both automatic and customizable resource
demand configurations. Moreover, the CDN allocation
algorithm should effectively handle variable resource types and
remain robust in various situations.

Goal 3 (Minimize Delay in Connection and Forwarding):
Extra delay may occur due to the connection establishment for
data flows and potential cross-regional forwarding. Minimizing
such delay is crucial to maintain Polygon’s advantages.

C. Resource Status Collection

Various factors can influence CDN performance, including
delay, bandwidth, network jitter, packet loss rate, and the
capabilities of CPU, GPU, storage, and memory [26]. These
factors are controlled by two main types of resources: network-
related resources and hardware resources. For network-
related resources, real-time monitoring of all end-to-end
information is impractical. Therefore, we adopt a regional
network aggregation strategy to keep monitoring costs modest.
We deploy measurement probes to monitor network resources,
with their results representing the network resource status of
clients in the same region. Hardware resources are usually self-
reporting, making their monitoring lightweight and scalable.

1) Regional Network Aggregation: Network resources are
highly related to geographic location [28], [29]. Thus,
we aggregate network resource information within a region
by deploying probes with measurement functions.

Region Definition. Regions can be defined as geograph-
ically adjacent areas (e.g., provinces or cities) or network
regions (e.g., autonomous systems). Boundaries are deter-
mined by noticeable differences in network conditions [29].
For instance, communications between endpoints in different
cities will experience additional delays compared with
communications within the same city.

Measurement Probe. Measurement probes are specialized
devices for collecting and analyzing data on network
performance and behavior, providing insights into Internet
connectivity and issues identification. Platforms like RIPE
Atlas, SamKnows, and BISmark [30] offer probe services.
Probes are arranged near users at the city level in most regions.
An analysis of the average RTT from Points of Presence
(PoPs) to nearby clients showed that their RTT difference does
not exceed 10 ms [31]. Additionally, we further conduct a case
experiment to validate the effectiveness of probes in accurately
representing client network conditions (Appendix).

2) Available Capability Calculation: A server’s hardware
includes processing capability, memory, and storage. Available
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capability is generally defined as the ratio of idle parts to the
total capacity. Calculation methods vary for each resource.
For example, available CPU capability is calculated as idle
rate xXnumber of CPU coresx CPU clock frequency. Most
hardware resources are equipped with well-developed and
lightweight monitor tools that have a negligible impact on CPU
overhead.

3) Gathering Resource Information Into Dispatchers: We
introduce dispatchers to gather and manage the information
about servers’ resources. After each collection round, network
resources and hardware resources information is delivered to
each dispatcher, as depicted in Step 1 in Fig. 3. Dispatchers
are not only responsible for periodically collecting resource
information, but also for making server allocation decisions
and forwarding requests to the selected CDN servers. Built
on existing load balancing techniques such as Ananta [32],
Maglev [33], Duet [34], dispatchers can handle millions of
requests simultaneously. Dispatchers are strategically deployed
in datacenters near major PoPs to forward requests to local and
cross-regional CDN server clusters with minimal hops.

D. Resource Demand Block

To represent request resource demands effectively and
flexibly, we design a resource demand block that supports both
pre-defined compositions and customizable configurations.
We also propose a hybrid resource demand calculation that
combines standard content profile categorization and resource
sensitivity analysis to balance scalability and accuracy.

1) Block Design: We design a resource demand block
to carry the resource demand information, structured into
three parts: resource composition ID, resource type flag, and
resource weight vector, as shown in Fig. 4. This design
provides flexibility with two options: pre-defined demand
compositions and customizable demand configurations.

Pre-defined resource compositions represent a set of typical
resource demand configurations, each pre-configured with
specific request flag values and resource weight vectors. Each
composition is assigned a unique ID.

The pre-defined compositions only cover certain scenarios.
Incorporating the resource type flag and weight vector allows
for customized complex resource demand configurations. The
flag field has 16 bits, with each bit corresponding to a resource
type, which has been sufficient to cover the commonly used
resource types. When a resource flag is set to True, it signifies
sensitivity to that resource, with the detailed sensitivity value
specified in the corresponding resource weight vector. Each
resource has an 8-bit weight, representing the percentage of
demand for that type relative to the total resource demand,
ranging from 0 to 100. A larger weight indicates a greater
demand for the corresponding resource type.

2) Resource Weight Vector Calculation: Assigning appro-
priate resource weight vectors to each CDN resource type
is crucial for Polygon’s effectiveness. However, this task is
non-trivial, and manual allocation is not feasible. We propose
a hybrid resource weight calculation that combines standard
content profile categorization with resource sensitivity analysis
to balance scalability and accuracy. Initially, CDN content
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Requested Resource Composition ID (16 bits)

Flag 1 (1 bit)

Flag 8 (1 bit) Flag 9 (1 bit) ... Flag 16 (1 bit)

Res_1 Weight (8 bits) Res_2 Weight (8 bits)

Res 16 Weight (8 bits)

Resource Demand Block

Fig. 4. Design of resource demand block.

could be classified into one of the standard profiles. If the
content’s behavior deviates from its assigned category’s
pattern, resource sensitivity analysis is employed to calculate
a more precise resource weight vector.

Standard Content Profiles and Benchmarks. We establish
standard content profiles that represent common CDN content
types based on attributes like file type, size, and format.
We have profiled small images, large videos, and resource
retrieval. Each CDN content will be classified into one of these
profiles based on its attributes, which enables quick and low-
cost initial classification without explicit sensitivity analysis.

However, initial classification might not always be accurate.
For instance, a video chunk might be classified as “media” due
to its size. However, it should be reclassified as “quick fetch”
since it is the beginning chunk of a video, where minimizing
delay is more crucial. Automated webpage analysis tools
like Lighthouse® can help identify misclassifications. These
tools evaluate webpages by simulating loading activities and
generate detailed reports with various metrics. Each profile
is associated with a benchmark set that contains CDN
performance under different resource conditions. Comparing
Lighthouse’s report with these benchmarks can verify the
correctness of the initial classification. Significant deviations
indicate misclassification and the necessity for adjustments.

Resource Sensitivity Analysis. When benchmark verifi-
cation indicates that the CDN content does not align with
the assigned category, resource sensitivity analysis will be
conducted to calculate its resource weight vector. This vector,
along with the CDN content attributes, will be recorded as a
new profile.

Resource sensitivity analysis works by assessing perfor-
mance differences across varying resource quality levels,
reflecting the CDN content’s sensitivity to a specific resource.
We simulate environments with different resource quality
levels, collect the corresponding load times, and compute the
resource weight vectors. Specifically, each resource weight w;

t! t

low

2 ;':1(25{0111_%1’@) ’
the number of resource types, t;  is the load time under a
low resource quality level, and tfn g 18 the load time under a
high resource quality level.

3) Default and Customizable Configuration: Each hosted
CDN content has a unique and stable resource weight vector
calculated and stored by its provider. This vector can be
initialized using the method described above when the CDN
content is first declared to the provider. After receiving a

request, the dispatcher retrieves the corresponding resource

J
high

is calculated as follows: w; = where n is

Zhttps://developer.chrome.com/docs/lighthouse/overview

weight vector from the CDN provider by default, and then
selects a CDN server using the algorithm described in
Section III-E.

Polygon also supports customizable resource weight vectors
on the client side, accommodating the diverse resource
priorities of different users. This is achieved using the
QUIC Transport Parameters Extension, which allows extra
parameters to be transmitted during the handshake, enabling
flexible configurations between clients and servers. With
this function, authorized developers, who have permission
to monitor and manage CDN content [35], can configure a
customized resource weight vector to meet user requirements.
However, customizable resource requirements may introduce
risks of resource abuse and potential malicious behavior.
Authentication mechanisms such as API keys and OAuth
tokens [36], [37] can be used to verify the legitimacy
of CDN requests. Note that if the next request’s resource
requirements differ from the previous one, a new connection
will be launched. The new connections’ cost can be eliminated
using QUIC’s O-RTT connection resumption, as outlined in
Section III-F.

E. Server Selection Algorithm

In this section, we present our server selection algorithm
called Demand Restriction Allocation (DRA). Its effectiveness
lies in optimizing server allocation based on specified resource
demands. The algorithm comprises two parts: server scoring
and redundant forwarding. Server scoring ranks servers by
assessing their maximum and currently available resources.
Redundant forwarding enhances robustness in possible failed
responses. The algorithm’s pseudo-code is provided in Alg. 1.
Note that this algorithm can be generalized to select a logical
server, which may represent a compute cluster comprising
multiple computational units, providing flexibility in allocation
granularity according to scale and specific requirements.

1) Server Scoring: Two factors determine server ¢’s score:
the capacity quota ); and the available resources A; (line 2
to 4 of Alg. 1).

For a pending allocation request, the capacity quota @); sets
the upper limit of resources allocated to this request in server <.
It is computed by proportionally distributing the total resource
capacity among all connections. In line 2, we initially derive
a unit of the capacity quota of resource j by dividing the total
capacity rf;?ml by the sum of weights of n connections and the
pending allocation request. Then, this unit of capacity quota
is multiplied by the weight w; to yield the capacity quota
for resource j. Last, the capacity quotas for all resources are
summed to get the overall capacity quota ; for server i. The
total capacity representation varies according to the resource
type, but their values are all normalized from O to 1. The
second factor, currently available resources A;, is calculated
by summing the availability of all resources in the server ¢
(line 3). This indicator is more instructive in situations where
resources are not overloaded, enabling pending allocation
requests to fully use remaining resources.

We set a threshold for cross-region forwarding operations
(line 7). Cross-region forwarding might result in a performance

404

405

406

407

408

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

451

452

453

454

456

457

458

459



460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

494

495

Algorithm 1 Demand Restriction Allocation Algorithm for
Server Selection With Redundant Forwarding

Input: Resource types J = (])7 1 Pendmg allocation request
with resource demand vector W = (w;);2,; Server list S =
(S1,52,...,Sm); Total capacity of server 4 for resource type j

total and current available capacity 7y "%,

Output: the optimal server S1; and the second _optimal server S2y,q.
Initialization: S1s¢ < NULL, So,q < NULL

: for S;inS do

: 16 rigtel
2 Qi:zj:l(m *Wj)
16 available
3 A => =1 Tij
4 Si.score = Q; + A;
5: end for
6: candidate_list < sort(S)
7: candidate_list < optimize_with_threshold(candidate_list)
8: Slst — get_ ogtlmal(candidate_list)
9

s if Stet: “Solri Sczﬁj'“”e < 10% or S2,4.RTT - S514.RTT <
30 ms then

10: Sona < get_second_optimal(candidate_list)
11: end if
12: return Sist, Sand

downgrade when the forwarding cost is higher than the gained
benefit. Therefore, Polygon only selects those cross-region
servers whose scores are higher than local CDN servers’ scores
by a certain degree.

2) Redundant Forwarding: To avoid possible response
failures caused by potential sharp capacity degradation of
the optimal server, we introduce a redundant forwarding
mechanism (lines 8 to 10 of Alg. 1). Polygon selects both the
optimal and the second optimal servers and forwards requests
to both of them. This mechanism activates only when their
score difference is below 10%, and the RTT difference is
less than 30 ms. Accordingly, the client might receive two
responses consecutively. The client only responds to the first
received response and establishes a unicast connection with
the corresponding server, while discarding other responses.

F. Request Forwarding

The introduction of dispatchers inevitably brings extra delay,
including the time for connection, forwarding, and client-
server connection establishment. Polygon leverages QUIC to
address this challenge. Compared with TCP + TLS 1.2, QUIC
offers enhancements like lower latency handshakes (1-RTT
and 0-RTT) and supports connection migration for seamless
endpoint transfer.

1) Quick Connection to Dispatchers: Polygon uses anycast
routing [9] to connect to the dispatcher with the shortest hops
and optimizes handshake delay with QUIC’s 1-RTT and O-RTT
mechanisms. In contrast to TCP, which requires 3 RTTs for
transport and security handshakes, QUIC combines them into
a 1-RTT handshake. The O-RTT mechanism further optimizes
delay. O-RTT handshake in QUIC allows a client to resume a
previous connection instantly by reusing a pre-shared key [38]
retained before, eliminating the need for a full handshake.
Frequent interactions between clients and dispatchers provide
opportunities for the O-RTT handshake.

Certainly, O-RTT connections might be vulnerable to replay
attacks [39], leading to unauthorized access. Thankfully, there
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are feasible solutions to secure O-RTT connections [15],
[39]. Additionally, 1-RTT connections have already effectively
demonstrated QUIC’s advantage in minimizing connection
delays. The decision to employ the 0-RTT mechanism depends
on the specific requirements and security considerations of the
CDN provider.

2) Fast-Forwarding via Overlay Network: When the
selected server and dispatcher are in the same datacenter or
region, the dispatcher can directly forward requests through
the CDN provider’s intranet, where the forwarding delay is
negligible [40]. However, forwarding requests to servers in
other regions can result in higher delays [41]. To mitigate this,
we construct an overlay network [42], [43] for fast-forwarding.
An overlay network is a virtual network built on top of an
existing physical network infrastructure, optimizing routing to
bypass congested or slow links based on network topology
and traffic patterns [44], [45].

The overlay network connects all dispatchers across regions.
This means that the cross-regional forwarding follows the path
“dispatcher A — dispatcher B — server”. This hierarchical
routing allows easy scaling of server capacity within the region
without needing to check the entire topology. Major tech giants
like Google [45] and Microsoft [46] have adopted this structure
for inter-region data exchange.

3) Mitigating Connection Delays Between Client and
Server: Finally, we leverage QUIC’s connection migration
mechanism to reduce connection delays between clients and
selected servers. Unlike TCP-based CDN server selection,
which requires establishing a new data flow connection
after server assignment, QUIC supports seamlessly migrating
connections from the dispatcher to the server, minimizing re-
connection delays inherent in TCP-based systems. The detailed
connection migration mechanism is described below.

QUIC specification includes a feature called Server’s Pre-
ferred Address [14], allowing a server to accept connections
on one IP address and transfer them to a preferred IP address
shortly after the handshake, transitioning from anycast to more
stable unicast [47]. This connection migration mechanism
must adhere to the rule of ignoring packets received on
addresses where migration has not started yet. To fulfil this
requirement, we configure all dispatchers and servers to share
the same anycast address, along with each server also having
its unique unicast address. This setup guarantees that the
server and dispatcher have the same IP address, meeting the
conditions for initiating connection migration.

Upon receiving a handshake request forwarded by the
dispatcher, the server initiates connection migration. In the
handshake response to the client, the server includes the
preferred_address parameter with its unicast address and
sends this response via the anycast network interface. Since
the server and dispatcher share the same anycast address,
the client accepts the handshake response. The client parses
the preferred_address and verifies the reachability of the
preferred address. If the new preferred address is reachable,
the client completes the connection establishment with the
preferred address (i.e., the unicast address of the CDN
server) and interrupts the old connection with the dispatcher.
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This mechanism allows the client to run on the original
connection for subsequent data transmission, eliminating the
need for a new connection. With connection migration,
Polygon efficiently handles requests, forwards requests, and
establishes data transmission connections through one QUIC
connection, significantly reducing delay.

G. Implementation

Our prototype implementation consists of three key
components: resource measurement, fast-forwarding overlay
network, and deployment requirements for QUIC.

1) Resource Measurement: In our prototype, we monitor
three typical resource types: network delay, bandwidth,
and CPU capability. Network delay and bandwidth are
monitored by probes. We obtain the network delay by Ping.3
Available bandwidth is measured using the IGI/PTR [48]. CPU
capability is reported with cpuacct.*

These resource collection intervals vary: delay is measured
every 15 minutes, and bandwidth and CPU every 10 seconds.
A 15-minute interval is sufficient to accurately characterize
delay, as delay variations are generally below 10 ms and are
insensitive to measurement intervals [48]. However, in cases
of severe network congestion, significant delay changes can
occur. Fixed measurement intervals might result in out-of-
date resource information, affecting CDN server allocation
accuracy. To address this, if bandwidth degrades by 30% and
persists for 5 minutes, an extra delay measurement will be
triggered to ensure adaptability and resilience. The cost of
extra measurements is moderate due to the infrequent occur-
rence and low expense of delay measurements. Bandwidth
and CPU experience frequent changes influenced by active
transmission processes. To balance timeliness and accuracy,
we set a 10-second measurement interval, which meets the
duration requirements of most bandwidth testing services [49].
Our evaluations confirm the reasonableness of these interval
settings, with Section IV demonstrating its effectiveness and
Section V-E verifying the modest traffic overhead.

These values are specific to our prototype design and exper-
imental environment. For real-world deployment, adjustments
are necessary based on factors like deployment scale, real-time
responsiveness requirements, and measurement overhead.

2) Overlay Network: To achieve quick forwarding among
servers, we establish an overlay network that connects dis-
patchers using Generic Routing Encapsulation (GRE) tunnels.
GRE tunnels are implemented with Open vSwitch [43],
an open-source software switch supporting various tunneling
protocols. To prevent multiple cross-region forwarding and
network loops, we limit each request to be forwarded only
once through the overlay network. If a dispatcher receives
a request that has already been forwarded, it will directly
forward the request to a local CDN server without exploring
alternative servers in other regions.

3) Deployment Requirements for QUIC: Adopting Polygon
requires a customized development on top of the QUIC
protocol to implement the dispatcher. The dispatcher serves as

3https://linux.die.net/man/8/ping
“https://www.kernel.org/doc/Documentation/cgroup-v1/cpuacct.txt
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Fig. 5. Architectures of DNS, PureAnycast, FastRoute and Polygon.

a forwarding agent and is responsible for two main tasks: 1)
parsing requests and determining their resource demand blocks
and 2) forwarding the request to the appropriate CDN server.
The first task requires the dispatcher to parse and modify
request headers [50]. The second task involves encapsulating
the request with GRE and forwarding it. As the dispatcher
adheres to the QUIC specification and does not modify the
packet structure, it is fully compatible with standard QUIC-
based clients and servers. This customization is reasonable,
given that the dispatcher is controlled by a CDN provider to
improve user experience.

For client and server implementations, using mainstream
browsers (e.g., Chrome,’ Firefox®) and web server software
(e.g., NGINX") supporting QUIC connections is sufficient.
The used Server’s Preferred Address and connection migration
functions are officially released in the QUIC specification [14]
and implemented on the client side [50] and the server
side [42]. Polygon can also work with other connection
diversion techniques [8] to maintain compatibility when
connection migration is not implemented or is disabled, albeit
with some performance loss. On the basis of ngtcp2,® we
develop the client, server, and dispatcher, along with the
implemented Server’s Preferred Address function [42]. The
source code and documentation for our prototype are available
at https://github.com/mengyingzhou/Polygon.

IV. EVALUATION IN REAL NETWORK

This section presents the evaluation of Polygon. We begin
by outlining the evaluation setup (Section IV-A). Next,
we assess Polygon’s performance in terms of JCT (Section I'V-
B) and resource utilization (Section IV-C). We then
demonstrate Polygon’s ability to reduce error requests under
server overload conditions (Section IV-D) and show that this
improvement is owing to appropriate cross-region request
allocation (Section IV-E). Last, we display the necessity of
redundant forwarding (Section IV-F).

A. Experiment Setup

1) Baselines: We compare Polygon with three repre-
sentative CDN server selection schemes: the widely used

Shttps:/quiche.googlesource.com/quiche
Shttps://github.com/mozilla/neqo
7https://quic.nginx.org
Shttps://github.com/ngtcp2/ngtcp2
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DNS-based CDN selection system [4], PureAnycast [51], and
FastRoute [8]. Figure 5 illustrates the architectural differences
between these schemes. The DNS-based and PureAnycast

schemes share the same architecture shown in Figure 5(a).
o DNS-based scheme [4] allocates CDN servers by

mapping the same domain name to different IP addresses
using widely deployed regional DNS servers. This
scheme is easy to operate but relies on large-scale DNS
infrastructure and lacks awareness of server resource
loads.

o PureAnycast [51] employs the raw anycast CDN selection
approach, where multiple CDN servers broadcast the
same IP address. Client requests are routed to the nearest
CDN server with the fewest network hops according to
Border Gateway Protocol (BGP). Despite its simplicity
and cost-effectiveness, PureAnycast also lacks awareness
of server resource loads.

o FastRoute [8] organizes CDN servers hierarchically to
balance traffic under heavy loads. Servers close to clients
form the outer layer, while backup servers constitute the
inner layers. When the load on outer layer servers exceeds
a threshold, FastRoute modifies DNS resolution to divert
new requests to inner layer servers for load balancing.
However, FastRoute may result in the underutilization of
servers at the same layer, as the request redirection only
occurs from the outer to inner layers, excluding within

the same layer.
2) Testbed Configuration: We evaluate baselines and

Polygon on the Google Cloud Platform. The platform restricts
personal accounts to a total CPU quota of 10 [52]. As each
VM requires at least one CPU, an account can only create up
to 10 VMs simultaneously. Meanwhile, servers and dispatchers
need to be on the same account for anycast functionality.”
To mitigate this limitation, we use two accounts: one creates
five servers and five dispatchers across five continents, and the
other creates 10 clients (three in Asia, three in North America,
two in Europe, one in Australia, and one in South America).

In addition to the server and client setup, each CDN
scheme has its unique configurations: 1) Polygon requires one
dispatcher per continent, implemented on Maglev [33], sharing
the same anycast IP with servers’. 2) DNS-based scheme needs
a DNS resolver, implemented with BIND.!? 3) PureAnycast
involves configuring all servers with the same anycast IP°. 4)
FastRoute needs to build a virtual hierarchical architecture on
servers. Following FastRoute’s server placement design [8],
we select servers close to most users (Asia, Europe, North
America) for the outer layer and servers in regions with
cheaper costs (Australia, South America) for the inner layer.
FastRoute also requires a DNS resolver to adjust servers’ IP
addresses to realize request redirection.

3) Evaluated Requests: We construct the evaluated requests
based on the three request types defined in Section II,
with a ratio of 4:4:1 for delay-sensitive, bandwidth-sensitive,
and CPU-sensitive requests, respectively. The ratio for CPU-
sensitive requests is set lower due to limited server computing
capacity. The three types of requests are single-resource

%https://cloud.google.com/load-balancing
10https://www.isc.org/bind
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Fig. 6. JCT performance comparison.

sensitive, with only the weight of the sensitive resource set
to 100 and the rest to 0. For example, bandwidth-sensitive
requests have a resource vector of [0, 100, 0, 0, 0, 0, 0, 0, 0,
0,0, 0, 0, 0, 0, 0]. Each evaluation runs for about one hour,
with five repetitions per scheme to mitigate network fluctuation
effects.

We aim to evaluate Polygon’s server allocation effectiveness
under high concurrency. Due to quota constraints [52],
we can only create 10 VMs as clients, each running
ten processes simultaneously to simulate high concurrency.
Although running multiple processes on one client may
slightly reduce the realism, our evaluation on the Google
Cloud Platform is still meaningful, providing practical results
in a real network environment. Moreover, monitoring logs
show that the client uses a maximum of 30% CPU and
5% memory, and the client bandwidth is set higher than
the server’s. Thus, running multiple processes on a client
will not create additional bottlenecks. Additionally, to address
this experimental limitation, we further evaluate Polygon
under 105 clients in the follow-up simulations (Section V-
B), achieving consistent performance with this setup using
multiple processes per client.

4) Metrics: Three metrics are selected for performance
evaluation:

o Job Completion Time (JCT) [27] is defined as the time
taken to complete a CDN request. Specifically, JCT
measures the duration from the start of the request to
the end of the response data transmission.

e Cost per request (Cost / # Req.) [18] is defined as
the average resource cost to complete each request.
This metric measures the cost of bandwidth and

CPU resources. For bandwidth, it is calculated as
> traf fic For CPU. it is > CPU wusage

# of requests # of requests

e Error ratio [53] is defined as the ratio of failed
requests per second that the server does not execute
successfully. Failures situations include unresponsive
servers, interrupted connection, and processing timeouts.

B. Less Job Completion Time

JCT is a key metric for evaluating CDN content fetching
performance [54]. Fig. 6(a) depicts the JCT for the four
methods at the 25th, 50th, and 75th percentiles. Polygon
outperforms all baselines. Compared with the second-best
method, Polygon reduces JCT by 37.5% at the 25th percentile,
5.8% at the 50th percentile, and 8.1% at the 75th percentile.

We further analyze what types of requests contribute to
Polygon’s performance superiority in Fig. 6(b). Polygon
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TABLE I

REQUESTS THROUGHPUT AND AVERAGE RESOURCE
COST FOR BANDWIDTH AND CPU

Method # BW Req. ?X‘/B%‘J’S;eq_ # CPU Req. /CE%PCI‘J’SI‘{eq'
DNS-based 1570 7.04 ¥)] 0.74
PureAnycast 1915 6.31 576 0.60
FastRoute 497 12.56 380 0.90
Polygon 2166 am 619 0.49

achieves the lowest average JCT values for all request
types. Notably, for CPU-sensitive requests, Polygon shows
a reduction of up to 57.7% compared with FastRoute. This
is owing to Polygon redirecting 64.6% of these requests to
less occupied regions, alleviating congestion on busy servers.
A similar improvement is observed for bandwidth-sensitive
requests.

Such redirection behavior also prevents performance degra-
dation of connections in crowded regions, which is reflected
in the reduced JCT for delay-sensitive requests. Unlike other
requests, none of the delay-sensitive requests are forwarded to
other regions (details discussed in Section IV-E). However,
their JCT still decreases as Polygon prevents resource
deprivation in local servers. By offloading downloading and
computing tasks to other regions, delay-sensitive requests can
use more resources to speed up completion. This indicates
that request forwarding not only significantly reduces the JCT
of forwarded requests but also enhances the performance of
non-forwarded requests.

C. Higher Resource Utilization

In addition to reducing JCT, Polygon improves overall
server-side resource utilization and reduce request costs for
service providers [12].

1) Fully Leveraging Upgraded Bandwidth Resources:
We compare the bandwidth utilization of each scheme in
detail. We manually limit the bandwidth capacity of servers
to 1 Mbps, 2 Mbps, 10 Mbps, 20 Mbps, and 30 Mbps using
Wonder Shaper.!! In Fig. 7, we plot the bandwidth utilization
of the four CDN schemes in five different levels of bandwidth.

At 1 Mbps and 2 Mbps, all schemes exhibit similar
bandwidth utilization. However, as bandwidth capacity
increases, the DNS-based scheme and PureAnycast do not
show proportional increases in utilization, indicating they
cannot effectively use upgraded resources. FastRoute shows

https://github.com/magnificO/wondershaper
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Fig. 8. Ratio of error requests over time.

a positive correlation between bandwidth capacity growth and
utilization, but still lags behind Polygon.

To quantify the relationship between capacity and uti-
lization, we calculate their Pearson correlation coefficient.
A higher Pearson correlation coefficient p indicates a
stronger relationship between capacity and utilization. Polygon
achieves the highest p value of 0.965, followed by FastRoute
at 0.937. The DNS-based scheme gets 0.933, and PureAnycast
only gets 0.923. This indicates that considering resource
demands helps to fully utilize upgraded resources.

2) Reducing Request Costs: Table II shows request
throughput and average cost per request for bandwidth
and CPU. Compared with PureAnycast, Polygon increases
bandwidth-sensitive request throughput by 13% and reduces
costs by 25% while also improving CPU-sensitive request
throughput by 7% and reducing costs by 18%. PureAnycast
and DNS-based schemes complete fewer requests and incur
higher costs as they only allocate requests to local CDN
servers. The local servers could be unavailable when flooded
with requests.

In particular, FastRoute completes only 497 bandwidth-
sensitive requests, just 23% of Polygon’s total. Some requests
are forwarded to unsuitable servers due to FastRoute’s inability
to consider request sensitivities. Another factor resulting in
FastRoute’s poor performance is its inflexible hierarchical
load balancing, which restricts request redirection only from
outer to inner layers, excluding within the same layer. This
inflexibility, coupled with uneven global traffic distribution,
leads to server overload in some regions while others remain
idle, worsening resource utilization imbalance.

D. Error Ratio

This subsection examines Polygon’s ability to handle error
requests when servers are overloaded. An error request
occurs when the server fails to execute successfully due
to unresponsiveness, interrupted connections, or processing
timeouts. We plot the request error ratio over time in Fig. 8.
Initially, each scheme exhibits a reasonable error ratio, but
the DNS-based scheme and PureAnycast experience a rapid
error ratio increase over time. These schemes allocate CDN
servers solely based on delay, sending requests to the local
server regardless of its resource load.

The error ratio peaks almost every 20 minutes due
to accumulated CPU-sensitive requests overloading CPU
resources. High CPU load can cause servers to halt, negatively
impacting the user experience and bringing recovery costs.
FastRoute suffers the most from such server halting problems,

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826



827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

TABLE III

CROSS-REGION FORWARDING RATIO OF FASTROUTE (F)
AND POLYGON (P)

Resource Delay BW CPU
Method F P F P F P
Ratio 0654 0 | 0.116 0474 | 0.723  0.646
300 Server Region 300 Server Region
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Fig. 9. Requests completed per region with FastRoute vs. Polygon.

displaying the highest error ratio. Due to FastRoute’s inability
to consider multiple resource types, redirecting requests to
backup servers can still lead to single point congestion, even
if backup servers temporarily alleviate some pressure.

In comparison, Polygon achieves the lowest error request
ratio throughout the experiment. When a server becomes
crowded in one resource type, Polygon forwards correspond-
ing requests to unoccupied servers in other regions, balancing
resource loads and reducing congestion. Notably, Polygon’s
error ratio peaks occur later than others, suggesting its
effectiveness in delaying resource congestion.

E. Forwarding Behavior

FastRoute is the most relevant baseline to Polygon, as it
also forwards requests to other regions. By comparing their
forwarding behavior, we identify two key properties that make
Polygon’s forwarding superior: 1) forwarding appropriate
requests only when necessary; 2) fair allocation of requests
across regions.

1) Forwarding Appropriate Requests: We examine the ratio
of cross-region forwarded requests with different resource
sensitivities in Table III. As expected, Polygon’s forwarding
ratio for delay-sensitive requests is zero. Generally, nearby
CDN servers are optimal for handling delay-sensitive requests
due to their shorter delay. In contrast, FastRoute forwards
65.4% of delay-sensitive requests to the inner layer. This
results in many delay-sensitive requests being incorrectly
redirected to farther servers just because their less-relevant
resources are overloaded. This forwarding property further
explains the poor performance of delay-sensitive requests
using FastRoute.

2) Fair Allocation of Requests: In Table III, we also observe
significant differences in forwarding ratios for bandwidth-
sensitive and CPU-sensitive requests between Polygon and
FastRoute. Therefore, in Fig. 9, we further compare the
number of completed requests in each region between
FastRoute and Polygon. It is evident that Polygon allocates
bandwidth-sensitive and CPU-sensitive requests more evenly
by precisely understanding resource requirements. Moreover,
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this fair allocation makes Polygon less susceptible to the
“herding effect” problem.

In contrast, FastRoute shows obviously uneven allocation
due to its constraint of redirecting requests only from outer
to inner layers, excluding within the same layer. FastRoute’s
architecture includes an outer layer with servers in Asia,
Europe, and North America, and an inner layer with servers
in other regions. Figure 9 shows that servers in Asia and
North America handle significantly more requests than those in
Europe, despite all belonging to the outer layer, primarily due
to more users in Asia and North America. However, FastRoute
cannot redirect requests within the outer layer, leading to a
continuously imbalanced request pattern and worsening its
performance.

F. Redundant Forwarding

To enhance Polygon’s robustness and avoid potential
response failures, we introduce a redundant forwarding
mechanism that triggers under specific conditions. The client
prioritizes the first response and discards the latter one. Our
experiments show that an average of 10% of requests trigger
redundant forwarding, with 2% of connections established by
the second optimal server. Enabling this mechanism improves
median JCT from 22.55 s to 20.59 s and reduces the
overall error ratio from 7.1% to 6.4%. This demonstrates
that redundant forwarding reduces errors and enhances
responsiveness.

V. SIMULATION

This section explores Polygon’s performance in various
simulations. We introduce the simulation setup (Section V-A),
present JCT performance and throughput at scale (Section V-
B), discuss the impact of resource arrangement and Polygon’s
capability to reschedule resources (Section V-C), study the
benefits of cross-region requests under different network
conditions (Section V-D), and analyze Polygon’s overhead
from a scalability perspective (Section V-E).

A. Simulation Setup

We create simulation environments using Mininet,'” a
widely used network emulator creating a realistic virtual
network with running real kernels, switches, and application
codes. The host running Mininet is configured with 64 CPU
cores and 187 GB of memory. To mimic real-world network
conditions, we collect network information between each
pair of regions and zones'> on the Google Cloud Platform.
We collect data over a week and calculate the median value
to represent each pair’s network condition.

The deployment setup is listed in Table IV. There are
105 clients and 15 servers, with one dispatcher per region.
Here, we largely increase the number of test machines using
the Mininet emulator to address the scalability limitations
of real-world experiments caused by quota restrictions in
Section IV. The baselines compared in this section are
PureAnycast and FastRoute.

2http://mininet.org
Bhttps://cloud.google.com/compute/docs/regions-zones
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TABLE IV
SIMULATION SETUP

Region # Clients  # Servers
Asia 28 4
Australia 7 1
Canada 14 2
Europe 21 3
South America 7 1
United States 28 4
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Fig. 10. JCT and request throughput comparisons of PureAnycast, FastRoute,
and Polygon at a large scale.
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Fig. 11.  JCT comparisons of PureAnycast, FastRoute, and Polygon under
different resource arrangement cases. Case 1: improving crowded-request’s
servers. Case 2: improving uncrowded-request’s servers. Case 3: improving
one random server in each region.

B. Large-Scale Evaluation

We evaluate Polygon’s performance at scale using the above
setup, comparing its JCT and throughput with PureAnycast
and FastRoute. Results in Fig. 10 show Polygon outperforms
the other two schemes in JCT for all three request types
while maintaining comparable throughput. Notably, for CPU-
sensitive requests, Polygon achieves significant improvement
over PureAnycast, with reducing JCT by 42.1% and increasing
throughput by 13x.

An unexpected finding observed in Fig. 10(b) is that for
delay-sensitive requests, PureAnycast shows higher throughput
than Polygon and FastRoute. Further analysis reveals that
most delay-sensitive requests completed in the PureAnycast
scheme come from non-crowded regions (Australia and South
America). These regions have fewer bandwidth-sensitive and
CPU-sensitive requests, meaning servers are not fully loaded
and have sufficient local capacity to handle more delay-
sensitive requests.

C. Resource Arrangement

1) Resource Arrangement Setup: Resources are not evenly
distributed in most real-world scenarios, requiring CDN
service providers to adjust resources based on request
volume manually. Proper resource arrangement is crucial for
optimizing CDN response speed. We design three resource
arrangement cases based on the deployment setup as in
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Fig. 12. JCT optimization from cross-region forwarding under good and

poor network conditions.

Section V-A. 1) Case l: arranging more powerful servers in
crowded regions (Asia and the United States). 2) Case 2:
arranging more powerful servers in the less crowded regions
(Australia and South America). 3) Case 3: one random server
in each region is upgraded, doubling/tripling its bandwidth and
CPU capacity, with the total resource capacity kept the same
across all cases.

2) Polygon’s Capability for Resource Rescheduling: This
experiment underlines the stability of JCT with Polygon,
highlighting its capability for resource rescheduling under
different resource arrangements. As shown in Fig. 11,
Polygon maintains consistent JCT performance across dif-
ferent resource arrangements (maximum standard deviation
is 26.0). By contrast, Anycast and FastRoute exhibit larger
variations (maximum standard deviations are 81.4 and 65.4,
respectively). For these two schemes, resource arrangement
is a fragile factor for performance since human-manipulated
configuration might not be optimal for every scenario.
By perceiving the requests’ resource sensitivity, Polygon
addresses this drawback and adaptively reschedules global
resources, mitigating the performance impact of different
arrangements.

D. Different Network Environments

1) More JCT Reduction Benefit Under Poor Network
Conditions: Here, we examine how network conditions impact
Polygon’s performance by creating two network environments:
a good network condition (average bandwidth of 2.72 Mbps
and average RTT of 42.5 ms) and a poor network condition
(average bandwidth of 0.77 Mbps and average RTT of
144.6 ms).

We view network conditions with an RTT of less than
100 ms as “good”, and conversely as “poor”. We use this
criterion to divide the real network condition data collected
in Section V-A into two categories. The deployment setup
remains consistent with that described in Section V-A for both
network cases. The good network case is created by randomly
configuring network conditions between machines with the
good category, while the poor network case is constructed
similarly but with using the poor category.

Fig. 12(a) shows that Polygon achieves more JCT reduction
under poor network conditions, demonstrating Polygon is
more helpful in severe network conditions. To investigate its
reason, we analyze the JCT of Polygon’s non-cross-region
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requests, Polygon’s cross-region requests, and PureAnycast
requests in Fig. 12(b). It can be found that under poor
network conditions, cross-region requests can achieve JCT
comparable to non-cross-region requests. This is owing to
Polygon’s adaptive forwarding strategy, which selects better
options during request congestion. In contrast, PureAnycast
experiences more severe congestion and poorer performance
due to its lack of flexibility. While under good network
conditions, request congestion is less severe, making Polygon’s
cross-region requests benefit less obvious. However, Polygon’s
resource scheduling still improves non-cross-region request
performance by forwarding a portion of requests to unoccupied
Servers.

2) Impact of Network Conditions on Requests Sensitive
to Different Resource Types: Fig. 12(c) illustrates the JCT
difference between cross-region and non-cross-region requests
for each request type. The y-axis represents the median JCT
of non-cross-region requests minus the median JCT of cross-
region requests, i.e., JCTyon_cross—J CTeross- Bars above the
x-axis indicate that cross-region requests perform better than
non-cross-region requests. We find that different request types
are affected differently under these two network conditions.
For delay-sensitive and bandwidth-sensitive requests, cross-
region forwarding under poor network conditions may degrade
performance due to additional delays. However, CPU-sensitive
requests, which are less affected by network conditions,
significantly benefit from being forwarded to unoccupied
Servers.

E. Overhead

In this subsection, we examine the overhead of Polygon. Six
metrics are used to assess the overhead from the perspectives
of client scalability and server scalability.

o Client scalability: 1) CPU usage of dispatchers, 2)
forwarding traffic volume, and 3) forwarding delay. These
metrics quantify the overhead of dispatchers in relation
to the number of clients.

o Server scalability: 4) measurement traffic volume on
servers, 5) CPU usage of servers, and 6) query and
ranking delay. These metrics reflect the overhead of
resource status measurement on the CDN servers and
dispatchers, which are related to the number of servers.

The overhead results of scalability experiments are shown
in Table V. For client scalability, the CPU usage on a
dispatcher is only 60.74% in the case of 2,000 clients, not yet
reaching full load. The traffic caused by request forwarding
is only 0.722 Mbps, which is a negligible cost for global
CDN deployment. The forwarding delay is at most 2.551 ms,
an imperceptible delay for requests. For server scalability, the
measurement traffic volume on servers is 6.438 Kbps, using
only 5.31% of CPU capacity in the case of 15,000 servers.
Query and ranking delay is up to only 225.22 ms. Overall,
these results demonstrate that Polygon can provide quick-
responsive CDN services and handle high-request concurrency
without excessive overhead.
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TABLE V

OVERHEAD OF POLYGON FROM THE PERSPECTIVE OF
CPU USAGE, TRAFFIC, AND DELAY

# Clients 100 300 500 1000 2000
CPU Usage of Dispatchers (%) 7.50 17.61 3459 5471 60.74
Forwarding Traffic (Mbps) 0.023  0.091 0.183  0.366 0.722
Forwarding Delay (ms) 0.019 0.060 0.156 1.109 2.551
# Servers 100 1000 5000 10000 15000
Measurement Traffic (Kbps) 0.232 1.305  4.193 5.571 6.438
CPU Usage of Servers (%) 1.830  2.703  4.163  5.182 5.316
Query and Ranking Delay (ms) 1.80 8.18 33.70 100.16  225.22

VI. DISCUSSION

This section discusses the scalability considerations of
Polygon (Section VI-A) and future research to enhance its
performance (Section VI-B).

A. Scalability Considerations

In this subsection, we explore Polygon’s scalability,
focusing on placement strategy and dispatcher density and
cost.

Scalability for placement strategy: Currently, we follow
a strategy aligned with commercial datacenters, placing
dispatchers near major PoPs. This strategy is both cost-
effective and efficient for covering a wide range of regions
and users, as the locations and densities of these commercial
datacenters have been optimized and validated in practice [55].
Additionally, Polygon could be implemented on commodity
servers without special hardware. This allows us to make
use of the idle edge servers as dispatchers, thus reducing
deployment costs. Our overhead experiments (Section V-E)
show that commodity edge servers are sufficient for running
dispatcher programs. Moreover, the evolution and expansion
of edge servers over the years have ensured broad coverage,
offering feasibility to meet various placement densities.

Scalability for deployment density: A modest number of
dispatchers per region have already effectively managed a high
volume of requests. Our overhead results (Section V-E) show
that five dispatchers can handle 2,000 concurrent requests
and monitor 15,000 servers’ resource information. Even with
minimal configurations (1 vCPU and 3.75 GB memory),
dispatchers perform well. This is due to two optimizations:
1) Dispatchers only process the header part during connection
setup, without parsing data packets. 2) Dispatchers handle
incoming requests but not outbound CDN traffic. Connections
for CDN data flows are established directly between servers
and clients, bypassing the dispatcher. Consequently, a few
strategically placed dispatchers are sufficient for Polygon to
handle global requests efficiently.

B. Future Research

Future enhancements for Polygon in production environ-
ments include:

Exploring the deployment strategy of dispatchers.
Optimizing the placement strategy of dispatchers is a key
direction for future research. We plan to adopt and refine
existing solutions that consider geographical location [56],
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deployment cost [57], [58], and resource utilization [59] to
further enhance Polygon’s performance and efficiency.
Implementing Polygon over other transport layer
protocols. Extending Polygon to support protocols other
than QUIC, such as TCP, would broaden its applicability.
Although this may reduce some of the low-latency benefits of
QUIC adoption, it would provide compatibility with numerous
existing TCP-based services and applications. We believe that
optimization efforts from the TCP research community could
offer alternatives to achieve performance comparable to QUIC.
Evaluating and refining Polygon in browser environ-
ments. Our experiments demonstrate Polygon’s capability to
optimize CDN performance at the request level. We plan to
test Polygon in more complicated browsing scenarios, with
considering webpage structure and browser loading behavior.
Future evaluations will use page-level metrics such as Speed
Index and First Content Paint to further validate and optimize
Polygon’s performance in real-world browsing environments.

VII. RELATED WORK
A. Anycast-Based CDN

Anycast is a fundamental technology in modern CDNs,
aligning well with the CDN concept of fetching Internet
content from nearby servers. Flavel et al. [8] proposed
FastRoute, a hierarchical anycast-based approach that directs
users to the nearest service replicas and has the ability to
balance request load. This approach was successfully deployed
on the Microsoft Bing search engine [10]. Despite its good
performance in server selection, FastRoute faced a control loss
problem, directing about 20% of requests to suboptimal end-
points [60]. To address this, Alzoubi et al. [5], [6] developed
a load-aware anycast CDN routing using server and network
load feedback for better redirection control. Fu et al. [7]
introduced T-SAC, employing a 1-bit non-redirection flag for
fine-grained traffic control. Additionally, Lai and Fu [47]
suggested converting a CDN server’s anycast connection to
unicast connection via their MIMA middleware to prevent
connection interruptions.

B. Load Balancing

Load balancing is a crucial component in Internet-scale
distributed systems. Ananta [32], introduced by Patel et al.
in 2013, and Maglev [33], proposed by Eisenbud et al.
in 2016, are well-known load balancers deployed on
the large-scale networks infrastructure of Microsoft and
Google, respectively. Apart from balancing traffic volumes,
other considerations have driven research in this area.
Mathew et al. [12] took energy optimization as the primary
principle and designed an energy-aware algorithm to reduce
consumption. Zhang et al. [61] addressed load balancing
for scenarios under uncertainties, improving performance
when switches occasionally failed. Miao et al. [62] utilized
switching ASICs to build faster load balancers, which were
capable of handling 10 million connections simultaneously.
Gandhi et al. [34] embedded the load balancing function into
hardware switches, achieving 10x in capacity and 1/10 in delay
than software-based solutions.

VIII. CONCLUSION

This paper proposes Polygon, a CDN server selection
system that perceives multiple resource demands based
on QUIC protocol and anycast routing. Equipped with
well-designed dispatchers and measurement probes, Polygon
identifies suitable CDN servers for requests based on
resource requirements and server availability. Leveraging
QUIC’s 0-RTT and connection migration features, Polygon
establishes fast connections and expedites client-server pairing.
Additionally, Polygon minimizes request forwarding delays
across regions through a fast-forwarding overlay among
dispatchers. Evaluations in real-world environments and
simulation testbeds demonstrate Polygon’s capability to
enhance QoE, optimize resource utilization, and dynamically
reschedule resources.

APPENDIX
EFFECTIVENESS OF PROBE REPRESENTATIONS

We conduct a case study to verify the effectiveness of
using probes to represent the network conditions of a region.
We deploy two clients in Shanghai, China. One is connected
to the Internet via a residential wired network, and the other
via a cellular network. A probe node is placed in a datacenter
of Alibaba Cloud in the same city. Two servers are located in
Wisconsin and Utah, each with a maximum network capacity
of 100Mbps.

To assess the similarity between the measurements obtained
by the clients and the probe, both clients and the probe
simultaneously measure available bandwidth to the servers
using the IGI/PTR [48], a lightweight bandwidth measurement
tool. Tests are conducted three times, with each round
lasting one hour and spaced eight hours intervals. We use
the Spearman Correlation Coefficient [63] as the similarity
metric, which ranges from —1 to +1, with values closer
to +1 indicating higher positive correlation. The correlation
coefficient between the wired client and the probe is 0.845, and
that between the cellular client and the probe is 0.805. These
results align with prior research [30], [64], confirming that
network conditions measured by nearby probes can accurately
represent those experienced by clients.
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