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Abstract—The persistent disparity between the slow growth
of wide-area network bandwidth and the escalating demand for
high-speed bulk data transfer poses a significant challenge for
inter-datacenter data transmission. Existing approaches typically
rely on optimized algorithms for dedicated networks and often
struggle to meet the stringent deadline requirements of modern
applications cost-effectively. To overcome these limitations, we pro-
pose a novel cloud-accelerated transfer approach that is intrinsi-
cally deadline-aware. We present a Profit-driven RelAxation-based
TransfEr Scheduling (PRATER) system that leverages cloud prox-
ies and multipath transmission to accelerate bulk data transfer.
Specifically, we tackle the problem of profit maximization by jointly
optimizing cloud proxy deployment and traffic allocation under
transmission deadlines, a problem formally modeled and identified
as NP-hard. To efficiently derive near-optimal solutions, we decom-
pose this complex problem into two interconnected subproblems:
cost minimization through proxy deployment optimization and rev-
enue maximization via traffic allocation optimization. Our efficient
iterative algorithm resolves these subproblems by minimizing cloud
proxy and bandwidth costs while maximizing timely data transfer
completions, thereby enhancing overall system profitability. Exten-
sive experimental results demonstrate that our approach achieves
a significant profit improvement of approximately 2.4×–6.1×
compared to state-of-the-art existing algorithms.

Index Terms—Bulk data transfers, cloud proxy, elastic cloud,
wide-area network.

I. INTRODUCTION

IN RECENT decades, the number of service providers
and cloud platform providers operating applications on a

global scale has grown significantly. These applications span
a wide range of domains, including financial services, meta-
verse/immersive streaming services, online gaming, machine
learning model training services, and AI-generated content
(AIGC) services, etc [1], [2], [3]. These services rely heavily
on geographically dispersed datacenters and the timely trans-
mission of large volumes of data to function effectively [4],
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[5], [6], [7]. For example, financial companies need high-speed
data transfer to complete transactions and manage risks promtly,
which is essential for maintaining their competitive edge. Simi-
larly, metaverse platforms require fast content loading to provide
users with an immersive and seamless user experience. Machine
learning model training is another domain that relies heavily on
timely data transfer. As the size of datasets and the complexity
of machine learning and large language models continue to grow
and evolve, transferring training data swiftly and efficiently to
the location where the model is being trained becomes increas-
ingly crucial. Delays in data transfer can significantly slow down
the training process and impede the development of advanced
AI models. The timeliness of data transfer not only enhances
operational efficiency for enterprises but also plays a vital role in
improving customer satisfaction. As a result, timely data transfer
services, particularly those with strict deadlines, have become
increasingly critical in today’s digital landscape.

The growing demand for timely data transfer has driven the
development of various optimization techniques, especially in
the context of inter-datacenter wide area networks. These tech-
niques can be broadly classified into two approaches: utilizing
private dedicated infrastructure or leveraging bandwidth leasing
to facilitate data transfers. Industry giants like Google and
Microsoft [8], [9], [10] have invested significantly in building
high-speed dedicated connections to overcome the limitations
and congestion of the public Internet. These dedicated connec-
tions are high bandwidth, enabling the rapid transfer of large
volumes of data between datacenters. However, constructing
and maintaining such dedicated infrastructure can be costly and
complex, making it challenging for smaller service or content
providers or those with limited resources to implement. As an
alternative, many service providers rely on leasing bandwidth
from Internet Service Providers (ISPs) to facilitate data transfers
for their global applications. In this model, transfer costs are
typically charged based on bandwidth usage [11], e.g., the peak
bandwidth usage over extended periods of a day, a week, or
a month [12], [13]. Consequently, this approach can lead to
high costs during periods of fluctuating demand. Moreover,
the overall WAN cost is often determined by the sum of peak
bandwidths across the network, which can result in inefficient
and inflated expenses.

To address these challenges, there has been a recent growing
interest in serving bulk data transfers with elastic cloud resources
for efficiency and cost-effectiveness [14], [15], [16], [17], [18].
For example, researchers have proposed Sky computing [14],

2168-7161 © 2025 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence and similar technologies.
Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: TU Wien Bibliothek. Downloaded on April 30,2026 at 06:45:07 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0003-1028-8178
https://orcid.org/0009-0003-8648-7509
https://orcid.org/0000-0002-5219-1780
https://orcid.org/0000-0001-6872-8821
mailto:llong@uestc.edu.cn
mailto:yulinjian222@gmail.com
mailto:yulinjian222@gmail.com
mailto:18268462890@163.com
mailto:yuhf@uestc.edu.cn
mailto:dustdar@dsg.tuwien.ac.at


338 IEEE TRANSACTIONS ON CLOUD COMPUTING, VOL. 14, NO. 1, JANUARY-MARCH 2026

[19], an emerging platform that enables providers to build their
planetary-scale applications on an infrastructure consisting of
multiple heterogeneous competing commercial cloud providers.
Furthermore, the capacity of the overlay network can be dynam-
ically scaled by adding or removing instances (i.e., VMs or con-
tainers) in the cloud, providing significant flexibility. This flexi-
bility allows providers to dynamically launch instances to deploy
transmission proxies on demand to accelerate data transfers
and elastically adjust cloud resource usage based on real-time
demands, avoiding committing to fixed bandwidth contracts that
may not always align with actual needs. Consequently, bulk data
transfers can be optimized more flexibly based on actual time-
liness requirements, substantially reducing operational costs.
Moreover, the shift toward cloud-based solutions has led to
innovative methods for enhancing data transfer throughput. Prior
researches have demonstrated the effectiveness of employing
cloud-based TCP-split proxies to improve the performance of
individual data flows [20], [21], [22], [23]. By partitioning
a single TCP flow into multiple connections with reduced
round-trip times (RTTs), these proxies can significantly enhance
overall transmission throughput [24]. However, while existing
studies have primarily focused on optimizing single-flow per-
formance, a critical challenge remains: the strategic deployment
of a limited number of TCP-split proxies to support the timely
transfer of substantial data volumes (i.e., before specific dead-
lines), thereby enhancing the performance of geo-distributed
applications.

Accelerating bulk data transfers with proxies in the cloud
is complicated, and only a few works have made preliminary
exploration in this field. For example, Skyplane [16] and Cloud-
cast [18] spawn multiple cloud instances to create parallel
connections to improve throughput for unicast and multicast
transfers, respectively. However, these works primary focus
on forwarding mechanism using cloud proxies without TCP
splitting capability. In practice, forwarding through proxies
without TCP-splitting offers little to no improvement for a single
connection, as several studies have demonstrated [20], [25].
These approaches fail to fully exploit the potential benefits of
cloud-based acceleration technique. Cloudpliot [24] leverages
TCP-split connections and addresses the placement of cloud
proxies across multiple cloud regions to reduce flow completion
time. However, it adopts a single routing path model and does
not distribute traffic from the same participants across multi-
ple cloud paths. Consequently, as traffic data scales up, the
transmission rate of a single routing path may fail to deliver
the data timely, especially before the specific deadlines. Thus,
the proxy acceleration scheme alone cannot fully satisfy transfer
deadline requirements when dealing with substantial volumes of
data.

To address this challenge, we propose integrating the
multipath transmission model within the cloud acceleration
scheme. Multipath transmission and cloud proxies are two com-
plementary and mutually beneficial approaches for improving
bulk data transfer performance in geo-distributed applications.
By strategically selecting cloud locations to deploy transmission
proxies, creating multiple routing paths, and appropriately
splitting traffic across these paths, we can effectively enhance

data transfer efficiency and strike a cost-performance balance,
as demonstrated in Section V. Therefore, there is an urgent
need for proxy acceleration solutions that incorporate proxy
deployment and route selection. However, achieving this goal
is non-trivial. Firstly, we must determine the optimal placement
of proxies, which is inherently challenging because the routing
paths of data transfer requests are uncertain before proxy
deployment. However, the optimal proxy deployment also
relies on efficiently optimizing the traffic along the routing
paths. This creates a complex interdependency between proxy
placement and route optimization. Secondly, the path traverses
cloud proxies will alter forwarding throughput, meaning that
routing bandwidth becomes variable. Thirdly, data transfers
will face multi-dimensional resource constraints, such as cloud
cost, egress capacity and deadline limitations. To address these
challenges, this paper proposes PRATER, a novel solution for
optimizing bulk data transfers in geo-distributed environments.
The main contributions of our work are as follows:
� Novel Data Transfer Model: We propose a novel data

transfer model that integrates TCP-splitting based cloud
acceleration and multiple path routing to address the chal-
lenges of high throughput and cost optimization for timely
bulk data transfers. Our approach combines the strengths
of both techniques to create a synergistic solution that
efficiently utilizes cloud resources, accelerates data trans-
fer, and enables optimal traffic allocation. To the best of
our knowledge, we are the first to systematically combine
these techniques, taking a holistic view of the problem and
proposing a comprehensive solution that addresses both
throughput and cost aspects.

� Problem Formulation: We formulate the joint optimization
problem of proxy placement and traffic allocation with
the objective of profit maximization (PMPTA) as a mixed
nonlinear programming problem. This formulation consid-
ers transfer deadlines, bandwidth limitations, cloud costs,
and the complex interplay between proxy deployment,
traffic allocation, and resource constraints. It provides a
comprehensive framework for optimizing data transfer
performance and cost-efficiency.

� Algorithm Design: We propose a problem decomposition
approach to tackle the complex PMPTA problem. By
breaking it down into two subproblems, we develop effi-
cient algorithms to solve each subproblem separately. We
then integrate these solutions through an iterative frame-
work that alternately solves the subproblems to obtain a
comprehensive solution for the original PMPTA problem.
This approach allows us to balance the trade-off between
revenue and cloud costs, leading to a more efficient and
profitable solution.

� Extensive Evaluation: We evaluate PRATER under various
network conditions, workload patterns, and cloud pric-
ing models. The results show that PRATER significantly
improves data transfer performance and cost-efficiency
compared to existing solutions. Our results highlight the
effectiveness of our proposed algorithms and the benefits
of joint optimization in real-world scenarios, showcasing
its practicality and potential.
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II. RELATED WORK AND MOTIVATION

A. Related Work

Over the past decade, researchers have made significant
strides in optimizing bulk data transfers for geo-distributed
applications, fueled by the pressing need to optimize cost and
performance. The distinctive characteristics of bulk data trans-
fers pose unique challenges that have catalyzed the development
of innovative traffic engineering algorithms.

A substantial body of current research concentrates on opti-
mizing the bandwidth utilization of private wide area networks
(WANs) to significantly enhance the performance of bulk data
transfers. Notably, numerous cloud providers have proposed
various traffic engineering solutions, such Google’s B4 [9], [10],
as well as Microsoft’s SWAN [8], Cascara [26], TEAL [27]
and BlastShield [28], to manage bulk data transfers within their
respective WAN infrastructures. These WANs typically com-
prise a combination of private links from large cloud providers
and third-party-owned infrastructure. Due to its design to ac-
commodate peak traffic, this infrastructure is often costly, and
the total link bandwidth capacity between two nodes in such a
traditional network overlay is considered fixed. Given the inher-
ently fluctuating nature of network traffic, one of the key chal-
lenges is the mismatch between dynamic traffic demands and
available network bandwidth. Consequently, many prior works
generally concentrate on saturating the available bandwidth to
improve resource utilization or reducing peak bandwidth usage
to achieve cost efficiency. For example, BDS+ [29] focuses on
inter-datacenter (DC) multicast, which involves replicating mas-
sive amounts of data (e.g., user logs, web search indexes) from
one DC to multiple DCs in geo-distributed locations. It explores
the utilization of the remaining available bandwidth reserved
for online high-priority traffic on existing overlay paths. More
recently, Google proposes Effingo [30], a massively-parallel
data transfer service that optimizes throughput while ensuring
smooth bandwidth usage and cost efficiency. To handle com-
plex and large-scale requests, Effingo employs a decentralized
control mechanism to manage over an exabyte of data daily with
high resiliency and minimized network costs. This contrasts with
centralized systems like Amoeba [31] and OWAN [32], which
focus on meeting transfer deadlines but struggle with scalability.

In contrast to these approaches, our work considers extend-
ing the overlay network to the cloud setting. Specifically, we
leverage the elasticity of cloud resources to relay data transfers
and scale network bandwidth by spawning cloud instances on
demand. We also account for the cost of network bandwidth, ad-
dressing the unique challenges associated with dynamic resource
availability and variable pricing models in cloud environments.
This enables more flexible and cost-effective optimization of
bulk data transfers across geographically distributed infrastruc-
tures.

Actually, Optimizing bulk data transfers with elastic cloud
resources is not new. Numerous prior studies [16], [18], [24],
[26], [28], [33], [34], [35], [36] have demonstrated the benefits
of utilizing the cloud as an overlay to enhance the performance of
global applications, particularly when a privately interconnected
network is unavailable. For example, NetUber [33] explores the

use of third-party cloud spot instances to construct large-scale
overlay networks that address the variable bandwidth demands
of inter-region data transfers. By adopting a bandwidth-based
request model, NetUber dynamically adjusts resource allocation
and provides users with a cost-effective connectivity solution.
Similarly, J-QoS [34] proposes combining low-cost IP services
with cloud overlays to ensure reliable and timely packet delivery
for demanding applications. J-QoS achieves this objective by
offering three services with different cost-performance trade-
offs, allowing users to select the most suitable option based on
their specific requirements. However, most of these studies [26],
[28], [33], [34], [35], [36] focus primarily on bandwidth demand
rather than on bulk transfers that prioritize the timely delivery
of specific amounts of application data, as opposed to em-
ploying a one-size-fits-all bandwidth rate. Our work addresses
this gap by considering the unique requirements of bulk data
transfers and optimizing for the timely completion of specific
data transfer tasks, rather than solely focusing on bandwidth
provisioning.

Only a few recent studies have explored how to accelerate
bulk transfers using elastic cloud resources, with a particular
emphasis on balancing cloud costs and transfer throughput.
Notably, Skyplane [16] leverages cloud elasticity and overlay
networking to reduce transfer costs and enhance throughput for
unicast bulk data replication. Furthermore, Cloudcast [18] ex-
tends Skyplane to support the acceleration of multicast transfers
in large-scale data replication scenarios, particularly aiming to
reduce cloud costs. The fundamental approach of these works
involves employing parallel TCP connections to achieve higher
throughput between two nodes, while the throughput of each
individual connection remains limited.

In contrast to using direct TCP connections, prior studies [21],
[22] propose the use of TCP splitting proxies to improve
throughput, particularly in environments with long round-trip
times (RTTs), such as mobile networks, web transfers over
HTTP connections, and satellite connections with long dis-
tances. For instance, the OCD framework [20] divides traditional
end-to-end TCP connections into three segments: source to
cloud relay, inter-cloud relay, and cloud relay to the target. By
leveraging elastic cloud resources, OCD dynamically adjusts
the number and location of relay nodes, optimizing both the
performance and reliability of data transmission. By splitting a
single TCP flow into multiple connections with shorter RTTs,
TCP-splitting proxies enhance overall throughput. However,
most of these studies focus on isolated flows. CloudPilot [15] is
noteworthy as it aligns with the focus of our work, improving
system-wide performance for multiple flows in globally dis-
tributed applications. Unlike our work, which seeks to meet
specific deadlines, CloudPilot primarily targets the reduction of
flow completion times by strategically placing on-demand TCP
proxies in the cloud while adhering to cost constraints.

Our work distinguishes itself from the aforementioned studies
by focusing on meeting specific deadlines for bulk data trans-
fers while considering the unique challenges posed by elastic
cloud resources and variable pricing models. By optimizing the
placement and utilization of cloud-based TCP-splitting proxies,
we aim to achieve timely completion of bulk data transfers in a
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Fig. 1. A toy example illustrating data transfer using different plans. The source and destination nodes are labeled ‘S’ and ‘D’, respectively, while cloud proxy
node is denoted as ‘A’. The number adjacent to each directed edge represents link bandwidth. Establishing a cloud proxy incurs a cost of 10¢, and there is an egress
cost of 4¢per GB for data exiting the cloud proxy.

cost-effective manner, taking into account the system-wide per-
formance of multiple flows in globally distributed applications.

B. Motivation

One of the primary advantages of cloud computing is resource
elasticity, which allows for the flexible provisioning of cloud
instances (i.e., VMs or containers) across numerous regions.
This elasticity directly translates into bandwidth scalability. By
allocating cloud instances as relays, users can establish bypass
paths that increase throughput beyond the network bandwidth
limitations of direct overlay paths between the source and des-
tination nodes. However, spawning cloud instances presents its
own set of challenges. Adding elastic cloud instances incurs
additional costs, necessitating a careful balance between cost
and throughput.

An illustrated case study: Fig. 1 illustrates various schedul-
ing methods for a toy data transfer demand, serving as a concrete
example. This example demonstrates the inherent challenges
involved in using cloud nodes to optimize both cost and through-
put. Consider the scenario depicted in Fig. 1, where a 12 GB data
is required to be replicated from source node S to destination
node D. Suppose there is a direct path bandwidth limit of 1 Gbps
between S and D. The simple direct replication strategy (Plan
A) would take approximately 96 seconds. While full cloud
acceleration strategy (Plan B) would spawn a Split-TCP proxy
in the cloud and uses a cloud proxy path at 2 Gbps. This would
result in a completion time of 48 seconds and incur a cost of 58
(10 setup + 48 egress). We can see that both Plan A and Plan B
utilize a single-path transmission strategy. We could also explore
a multipath strategy as Plan C, splitting the data and sending it
simultaneously along both the direct path and the Split-TCP
path. This approach might achieve a rate of 3 Gbps, reducing
the completion time to 32 seconds at a cost of 42¢. In terms
of minimizing completion time, Plan C is optimal. However,
suppose the data replication has a service level objective (SLO)
that requires completion before a deadline of 40 seconds, longer
than the 32 seconds achieved by Plan C. In this case, we can
achieve a better cost-performance trade-off. Plan D leverages
uneven traffic splitting between the direct path and the overlay
path, preferentially utilizing the direct path whenever possible

to minimize reliance on cloud resources. By doing so, Plan D
effectively reduces cloud costs while still satisfying the SLO.

Our intuition: This example illustrates that data transmission
over multiple paths provides greater flexibility compared to
single-path transmission. However, it also introduces an in-
creased complexity due to the extensive search space of poten-
tial data transfer strategies. Furthermore, real-world cloud net-
works exacerbate this complexity with multiple regional cloud
nodes, varying instance costs, and different egress bandwidth
expenses [14], [16]. Designing a globally optimal strategy for
multiple bulk transfer flows requires not only addressing diverse
SLOs, such as meeting deadlines, but also accounting for the
instance and bandwidth costs associated with cloud proxies.
Therefore, balancing cost and performance is essential when
developing data transfer plans in cloud-accelerated transmission
scenarios. In this work, we propose optimizing the deploy-
ment of cloud proxies and traffic splitting for data transfer
across multiple paths to maximize the total system revenue
from serving data transfers completed before specific deadlines
while minimizing cloud costs, thereby enhancing overall system
profitability.

III. OPTIMIZING TIMELY DATA TRANSFERS WITH CLOUD

PROXIES: PROBLEM FORMULATION

By strategically placing cloud proxies and dynamically ad-
justing the distribution of traffic across available paths, we can
exploit the benefits of multipath transmission while minimizing
the associated costs. This approach allows us to accommodate
diverse SLOs and optimize system-wide performance, rather
than focusing on individual flows in isolation. To achieve this
goal, we propose a framework PRATER that takes into account
the characteristics of the underlying cloud network, including the
location and pricing of cloud nodes, as well as the bandwidth
constraints and costs associated with inter-node links. By consid-
ering these factors, our framework can make informed decisions
about the placement of cloud proxies and the allocation of traffic
across multiple paths to maximize revenue while minimizing
costs.

In the remainder of this section, we first introduce the sys-
tem models, which include the network model and transfer
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request model. Build upon these models, we then formulate the
corresponding optimization problem that captures the essential
decision variables, constraints, and objective function.

A. System Models

Network model: In this work, we consider a set of the cloud
regions that provide on-demand cloud instances to function as
relay or proxy nodes to enhance data transmission throughput.
LetN represent the set of cloud regions within the network. Each
cloud region i ∈ N is capable of providing on-demand instances
to create transport proxies for data transfers. Furthermore, each
server node in a cloud region i ∈ N is associated with an egress
capacity limit Bi, which constrains the maximum amount of
data that can be transmitted out of the node at any given time.

Cost model: From the perspective of cloud customers, the
cloud offers elasticity, enabling on-demand allocation of addi-
tional resources for transfer acceleration. However, this flexibil-
ity comes with costs, as cloud providers impose both instance
charges and egress charges. Cloud providers typically charge
customers for renting VMs or containers, with costs varying
across different regions. These instance costs are typically
region-specific, and customers must consider these expenses
when allocating cloud resources for transfer acceleration. Egress
charges are incurred for network traffic exiting a cloud region
and are based on the volume of data transferred, rather than
the transfer rate. As noted by [16], egress costs can also differ
between regions. For intra-cloud transfers, which occur between
two regions or zones within the same cloud, costs are typically
higher for transfers between geographically distant endpoints
compared to those between nearby endpoints. To accurately
capture these costs, we introduce two key parameters cVMi and
cEGRESSi .cVMi represents the cost associated with creating a proxy
instance in cloud region i, and cEGRESSi denotes the cost related
to egress traffic leaving region i. In the context of using cloud
resources for transfer acceleration, our cost model encompasses
expenses related to creating cloud instances to deploy transport
proxies, as well as costs associated with outgoing traffic from
relay cloud regions.

Data transfer request model: To maintain the performance
of cloud applications, bulk data transfer requests typically spec-
ify a volume of data to be moved within strict completion time
constraints between datacenters. To model such a request f , we
introduce a six-tuple 〈sf , df ,ARRf ,DLf ,Volf ,Revf 〉, sf and
df denote the source and destination nodes, respectively; Volf

represents the volume of data to transfer; ARRf indicates the
arrival time of the request; DLf specifies the deadline for com-
pleting the request; and Revf represents the revenue obtained
from completing the transmission before DLf . We consider hard
deadlines, namely the all-or-nothing model, as noted in previous
work [31], [32], [37], [38]. This means that the system can
only generate revenue if the data volume Volf is successfully
transmitted to the specified destination on time; otherwise, the
revenue becomes zero.

Cloud proxy forwarding model: To maximize the utilization
of cloud resources, we consider a cloud proxy forwarding model
that harnesses the power of TCP splitting in this work. This
is motivated by the fact that forwarding using cloud proxies

TABLE I
KEY NOTATIONS USED IN PROBLEM FORMULATION

without TCP splitting capability has been shown to yield little
to no throughput improvement in previous work [21], [22], [24],
[39]. In contrast, TCP splitting has demonstrated significant ben-
efits in cloud overlay networks, where a connection that uses a
single TCP splitting proxy can achieve substantial improvement
over a direct Internet connection [25]. Furthermore, performance
can be additionally enhanced by employing Multi-Path TCP
(MP-TCP). However, MP-TCP is not universally supported by
communicating parties, which limits its practical applicability.
To strike a balance between performance and practicality, we
consider single-path TCP splitting as the forwarding model in
this work. Table I summarizes the main symbols used.

B. Problem Formulation

Our goal is to maximize system profitability by minimizing
cloud costs and maximizing the revenues from selectively serv-
ing requests before their deadlines. We achieve this by opti-
mizing proxy deployment to improve data transfer performance
while reducing elastic cloud resource costs.

However, selecting the optimal proxy deployment is a com-
plex task due to the vast number of possible proxy locations,
each with distinct transmission rates and costs, across various
cloud regions. Specifically, the diverse range of cloud regions,
each with its own unique characteristics, makes it challenging
to determine the most effective proxy deployment strategy.
Moreover, as the number of proxies along a single path in-
creases, the possible combinations to create proxy paths grow
exponentially, leading to a significant increase in complexity.
To address this complexity, we simplify the use of cloud proxies
from two perspectives: limiting the number of proxies per path
and identifying path candidates prior to optimization. Firstly,
each transfer path to include no more than two intermediate
proxies, resulting in a maximum of three segments: source to first
proxy, first proxy to second proxy (optional), and second proxy
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to destination. This constraint significantly reduces the search
space while still allowing flexibility in cloud path usage. Next,
we generate all possible paths through permutations and com-
binations, adhering to the restriction on the number of proxies
per path. The optimization process then selects a subset of these
identified path candidates that yields the optimal performance.
This approach strikes a balance between performance optimiza-
tion and computational feasibility, enabling us to develop an
effective optimization framework that efficiently navigates the
complex landscape and identifies the optimal proxy deployment
strategy. To fully leverage cloud resources for enhanced data
transmission, we adopt a discrete time system where the overall
system time is divided into discrete time slots. This framework
allows us to optimize resource allocation with finer granularity.
Within this framework, each transfer request can split traffic
across multiple paths as well as across different time slots. This
flexibility empowers us to optimize traffic allocation in both
space (across paths) and time (across time slots) dimensions.
The core idea is to make the following decisions.
� Timely request completion. For time-sensitive data transfer

requests, we aim to complete as many requests as possible
by their specified deadlines. We introduce a binary variable
xf to represent whether a request f can be finished on time,
where xf = 1 if the request f is completed on time, and
xf = 0 otherwise.

� Proxy placement optimization. We optimize the deploy-
ment locations of cloud proxies. We use a binary variable
yi to indicate whether a proxy is created in cloud region i
for data transmission.

� Egress traffic optimization. The cross-region cost depends
on the amount of traffic transmitted by cloud regions. We
control the total amount of traffic zi exiting region i for
cost optimization.

� Traffic allocation optimization. We use multiple paths to
parallelize acceleration, introducing continuous variables
qf,p,t to denote the percentage of the data volume of request
f allocated to flow over path p during time slot t. This
variable captures the dynamic allocation of data across
multiple paths and time, enabling a flexible and efficient
distribution of bulk traffic.

With the decision variables defined above, the optimization
process must satisfy several critical constraints, such as transfer
deadlines and capacity limitations. The necessary constraints are
are outlined below.

Transfer deadline constraint: Since data transfers that miss
their deadlines typically become useless for users, we restrict
from allocating resources to deadline-miss transfers to avoid
useless data delivery and conserve resources for those can be
finished before deadlines. Consistent with prior work [31], [32],
[40], [41], each deadline-meeting request must be fully com-
pleted by the specified deadline, as expressed by equation (1).
This ensures that resources are allocated efficiently and effec-
tively to meet the required deadlines.

∀f ∈ F :

DLf∑

t=ARRf

∑

p∈Pf

qf,p,t = xf (1)

Proxy allocation constraint: We know that a cloud path can
only be established for data transfers when an instance is
spawned in that cloud region. This feasibility relationship is
captured by the following constraint, denoted as Ineq. (2). This
constraint ensures that a proxy is allocated only if there exists
at least a request using a cloud path that traverses it. In other
words, it prevents a request from using a cloud path without a
corresponding proxy allocation. Let Pf denote the set of path
candidates of request f , the proxy allocation constraint can be
formulated as:

∀i ∈ N :
∑

f∈F

∑

t∈T

∑

p∈Pf

I+i,pqf,p,t ≤ yi (2)

Path capacity limitation constraint: The optimization process
must adhere to several capacity constraints to ensure efficient
and feasible data transmission. One of the key constraints is the
path capacity constraint, which dictates that the percentage of
data volume flowing over each path candidate during every time
slot cannot exceed its capacity. This constraint is mathematically
expressed as Ineq. (3), where Rf,p represents the achievable
transmission rate of path candidate p for request f , and δ denotes
the length of each time slot. By enforcing this constraint, we can
ensure that the data transmission rate over each path candidate
does not exceed its capacity, thereby preventing network con-
gestion and ensuring efficient data transmission.

∀f ∈ F, p ∈ Pf , t ∈ T : Volfqf,p,t ≤ Rf,pδ (3)

The achievable transmission rate of a candidate cloud path is de-
termined by the bottleneck segment with the lowest throughput
along its connection. To compute this rate, we need to analyze
the split-TCP path, which divides the end-to-end connection
into segments, typically between the client and the first proxy,
between proxies, and from the last proxy to the destination
server. The effective transmission rate, or throughput, of each
segment is closely related to the TCP window size and round-trip
time (RTT). By measuring the RTT for each segment, we can
calculate the throughput for each segment using the following
formula: TPsegment = Window Size

RTT . This formula is based on
the mathematical model of TCP throughput, which takes into
account the TCP window size and RTT [42]. To obtain the
overall effective transmission rate of the split-TCP path, we
need to identify the bottleneck segment, which is the segment
with the lowest throughput. By computing the throughput of
each segment, we can determine the achievable transmission
rate of the cloud path using split-TCP. This approach allows
us to accurately estimate the achievable transmission rate of
a candidate cloud path, taking into account the characteristics
of the underlying network and the TCP protocol. By using
this information, we can make informed decisions about which
cloud path to select for data transmission, ensuring optimal
performance and efficiency.

Cloud capacity limitation constraint: To ensure efficient
resource utilization and data delivery, the optimization process
must also consider the capacity constraints of region instances
and instance bandwidth. First, the allocated traffic load for
each region instance must not exceed its bandwidth limit, as
ensured by Ineq. (4), where BWi represents the bandwidth limit
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of an instance in region i. This constraint guarantees that the
total traffic assigned to each region instance remains within
its available bandwidth capacity, preventing over-allocation and
potential bottlenecks. Secondly, the total egress traffic of each
region must adhere to the paid amount, as ensured by Ineq. (5).

∀i ∈ N, t ∈ T :
∑

f∈F

∑

p∈Pf

I+i,p
Volfzf,p,t

δ
≤ BWi (4)

∀i ∈ N :
∑

t∈T

∑

f∈F

∑

p∈Pf

I+i,pVolfqf,p,t ≤ zi (5)

By incorporating the above capacity constraints into the opti-
mization process, the system can effectively manage data trans-
mission while respecting the bandwidth limitations of paths,
instances, and regions, thereby ensuring efficient resource uti-
lization and data delivery.

Objective: maximizing system profitability: To ensure the
practicality of our approach, we focus on maximizing the overall
system profitability. This involves calculating the total revenue
generated by delivering transfer requests before their specified
deadlines, as well as accounting for the additional cloud costs
incurred during data transfer. The total revenue produced by
the transfer requests delivered before their specified deadlines
can be calculated as:

∑
f∈F Revfxf , where Revf represents

the revenue generated by delivering transfer request f , and xf

is a binary variable indicating whether the request is delivered
before its deadline. On the other hand, the additional cloud
cost incurred during data transfer can be accounted for through∑

i∈N(c
VM
i yi + cEGRESSi zi), where cVMi represents the cost of

instance i, yi is a binary variable indicating whether instance i is
used, cEGRESSi represents the egress cost of instance i, and zi is a
variable representing the amount of egress traffic from instance
i. By considering both the revenue generated by delivering data
transfers and the incurred cloud costs, we can formulate the joint
optimization problem of proxy placement and traffic allocation
with the objective of profit maximization as follows.

Maximize :
∑

f∈F
Revfxf −

∑

i∈N

(
cVMi yi + cEGRESSi zi

)
(6)

Subjectto :(1), (2), (3), (4), (5)

∀f ∈ F : xf ∈ {0, 1} (7)

∀i ∈ N : yi ∈ {0, 1} (8)

∀i ∈ N : zi ≥ 0 (9)

∀f ∈ F, p ∈ Pf , t ∈ [ARRf ,DLf ] : qf,p,t ∈ [0, 1] (10)

∀f ∈ F, p ∈ Pf , t /∈ [ARRf ,DLf ] : qf,p,t = 0 (11)

This formulation enables us to maximize the overall system
profitability while taking into account the costs associated with
using cloud proxies. By solving this optimization problem, we
can determine the optimal strategy for using cloud proxies to
maximize system profitability.

The problem is known to be hard. Even if the cloud budget
have been given and only the egress capacities is bottleneck, it
is NP-hard to compute proxy deployment and traffic allocation
to achieve the minimum average transfer completion time [24].

It is also NP-hard to compute traffic allocation for maximizing
the number of transfers that can be finished before the deadlines,
when the cloud proxies have been already deployed and only the
path rate is bottleneck [37]. Overall, the NP-hardness of the joint
optimization problem of proxy placement and traffic allocation
highlights the need for efficient and effective algorithms for
solving this problem in practice.

IV. PROBLEM DECOMPOSITION AND ALGORITHM DESIGN

In this section, we present our solution to the complex profit
maximization cloud proxy placement problem. Our approach
involves breaking down the original complex problem into sub-
problems, developing efficient solution for each subproblem,
integrating them strategically to obtain a comprehensive and
effective solution.

A. Problem Decomposition and Algorithm Workflow

The profit-maximizing proxy placement and traffic allocation
(PMPTA) problem is a complex optimization problem involving
multiple variables and constraints. To make it more tractable,
we decompose it into two subproblems, which can be addressed
more easily.
� Subproblem 1: Request-Limited PMPTA (RL-PMPTA).

Given a set of requests that the system commits to com-
pleting before their deadlines, the revenue generated from
data transfers is fixed. In this case, solving the profit max-
imization cloud proxy placement problem is equivalent
to minimizing cloud costs. The RL-PMPTA subproblem
focuses on finding the optimal cloud resource allocation to
minimize costs while meeting the deadlines of the accepted
requests.

� Subproblem 2: Cost-Limited PMPTA (CL-PMPTA). Sup-
pose the total cost for using cloud resources is fixed,
solving the profit maximization cloud proxy placement
problem can be transformed to maximizing the revenue of
transferring deadline-meeting transfers. The CL-PMPTA
subproblem focuses on finding the optimal set of requests
to finish them before deadlines with strategically cloud
resource allocation to maximize revenue while keeping
costs within the fixed budget.

We propose a framework to obtain an effective schedule for
the PMPTA problem by alternately solving the RL-PMPTA and
CL-PMPTA subproblems. This approach allows us to balance
the trade-off between revenue and cloud costs, leading to a more
efficient and profitable solution.

Algorithm workflow: Our algorithm workflow involves al-
ternately solving the RL-PMPTA and CL-PMPTA subproblems
to obtain an effective schedule for the profit maximization cloud
proxy placement problem. The workflow can be summarized
as follows. The process begins with solving RL-PMPTA sub-
problem, which initially considers all requests as inputs. The
RL-PMPTA subproblem determines the cloud proxy deploy-
ment schemes y and z that yield the minimum cloud cost while
meeting the deadlines of all requests. Following the outputs
from the RL-PMPTA, we adjust the value of y and z to y′

and z′ according to a predetermined rule. This involves either
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Fig. 2. Overall algorithm logic.

reducing the egress limit in under-utilized regions or removing
the instances with the lowest utilization. We take y′ and z′ as the
input of the CL-PMPTA subproblem and solve it to maximize
transfer revenue under this capacity constraint. With the updated
cloud resources y′ and z′, we may not able to accommodate all
transfer requests within their deadlines. In this case, we will
decline some requests in each iteration and update the list of
requests that can be completed on time accordingly. This above
process will run multiple times to find an effective final schedule,
as shown in Fig. 2.

B. Algorithm Design to RL-PMPTA Problem

The objective of the RL-PMPTA problem is to minimize the
cloud cost incurred to complete a set of requests before their
respective deadlines. Specifically, given a set of requestsF′ ⊆ F,
we aim to optimize the variables z, y, and q to minimize the
cloud cost while ensuring that all requests are completed before
deadlines. Note that in this problem, the values of variables x
are fixed. This problem can be formulated as follows.

Minimize : C =
∑

i∈N
cVMi yi +

∑

i∈N
cEGRESSi zi (12)

Subjectto : (2), (3), (4), (5)

∀f ∈ F′ :
DLf∑

t=ARRf

∑

p∈Pf

qf,p,t = 1 (13)

∀ni ∈ N : yi ∈ {0, 1} (14)

∀ni ∈ N : zi ≥ 0 (15)

∀f ∈ F′, ∀p ∈ P, ∀t ∈ [ARRf ,DLf ] : qf,p,t ∈ [0, 1] (16)

∀f ∈ F′, ∀p ∈ P, ∀t /∈ [ARRf ,DLf ] : qf,p,t = 0 (17)

It remains a challenging mixed-integer linear programming
(MILP) problem, making it difficult to achieve an optimal solu-
tion within polynomial time complexity. To solve it efficiently,
we develop an algorithm (Algorithm 1) based on relaxation-
rounding. The algorithm relaxes the original RL-PMPTA model
to obtain a fractional solution ŷ for the cloud proxy deployment.
It then uses a Pairwise Rounding algorithm to round the frac-
tional ŷ values to integers y, which guarantees the activation of at
least one new cloud proxy instance in each iteration. The integer
solution y is assigned to y∗. If the RL-PMPTA model is still
infeasible with the updated y∗, the process repeats for another
iteration. The algorithm terminates when a feasible solution for
the RL-PMPTA model is found, with the final y∗ providing
enough cloud instances to meet the transfer deadlines. To update

Algorithm 1: Algorithm for the RL-PMPTA Problem.

the cloud proxy deployment solution, each iteration consists
of the following steps. Step 1: Relaxing integer variables y.
By replacing the yi ∈ {0, 1} with yi ∈ [0, 1], ∀i ∈ N, we obtain
in a linear programming problem, referred to as the Relaxed
RL-PMPTA, which can be efficiently solved using standard
commercial LP solvers. Step 2: Transforming the continuous ŷ
to integersy using pairwise rounding. Upon solving the Relaxed
RL-PMPTA problem, we obtain a fractional solution denoted
as ŷ. To derive an integer solution y, we employ a pairwise
rounding technique on ŷ, as illustrated in Algorithm 2. The
pairwise rounding technique involves pairing up the fractional
values in ŷ and rounding them to the nearest integer. This
approach ensures that the resulting integer solution y is feasible
and close to the optimal solution.

C. Algorithm Design to CL-PMPTA Problem

In the CL-PMPTA problem, the input is the the values ofy and
z obtained from solving RL-PMCCP problem, which are related
to resource limits under certain cost budget. Our objective is to
maximize the transfer revenue by optimizing decision variable
x and q, as expressed in (18)-(21). This problem is also a MILP
problem, which can be challenging to solve optimally.

Maximize : R =
∑

f∈F
REVfxf (18)

Subjectto : (1), (2), (3), (4), (5)

∀f : xf ∈ {0, 1} (19)

∀f ∈ F, ∀p ∈ P, ∀t ∈ [ARRf ,DLf ] : qf,p,t ∈ [0, 1] (20)

∀f ∈ F, ∀p ∈ P, ∀t /∈ [ARRf ,DLf ] : qf,p,t = 0 (21)

To solve it efficiently, we employ a relaxation-rounding algo-
rithm, which consists of the following steps:

Step 1: Relaxing integer variables x. By substituting con-
straint (19) with (22), we obtain the relaxed LP model (referred
to as the Relaxed CL-PMPTA), which is easier to solve.

xf ∈ [0, 1], ∀f ∈ F (22)
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Algorithm 2: Pairwise Rounding Algorithm.

Step 2: Approximate rounding. After solving the relaxed CL-
PMPTA problem, we obtain a fractional solution denoted as x̂.
To derive an integer solution x, we first sort the requests in
descending order based on the values of x̂, which indicate their
contribution to the objective value. We then employ a greedy
algorithm (see Algorithm 3) to achieve a near-optimal solution.
Specifically, the algorithm sequentially examines each request
and checks whether the current remaining capacity can accom-
modate it. Finally, identifies all requestsF∗ that can be completed
before their deadlines, along with the associated allocation
solution q = {qf,p,t|∀f ∈ F∗, ∀p ∈ P, ∀t ∈ [ARRf ,DLf ]}. The
relaxation-rounding algorithm provides an efficient and near-
optimal solution to the CL-PMPTA problem.

Complexity analysis of solving CL-PMPTA problem. The
time complexity of the algorithm for the CL-PMPTA problem
is O(LP (|F||P||T|, |N||F|+ |N||T|+ |F||P||T|) +K|F||P|),
where LP (|F||P||T|, |N||F|+ |N||T|+ |F||P||T|) represents the
complexity of solving the Relaxed CL-PMPTA problem (Line
1, Algorithm 3), K is the maximum number of cloud instances
(proxies) per path, and |F| and |P| denote the total number of
requests and path candidates, respectively. This complexity is
evidently influenced by the values of |F|, |P|, and K. While
|F| is fixed, limiting K significantly optimizes runtime by
restricting the maximum proxies per path, thereby reducing
path candidates |P|. As described in Section III-B, we setK = 2.
This decision is based on the observation that the marginal gain
in throughput (or general performance) significantly diminishes

Algorithm 3: Algorithm for the CL-PMPTA Problem.

as the number of proxies in a deployment increases beyond
a small threshold, such as one or two, as demonstrated in
studies like [43]. Although an initial proxy can offer substantial
benefits, the incremental improvement of adding subsequent
proxies is often minimal. Furthermore, employing more
proxies directly translates to higher operational and deployment
costs. Therefore, by allowing each cloud path to include at
most two proxies (K = 2), we strike an effective balance
between algorithmic efficiency, achievable performance gains
(particularly throughput), and overall cost-effectiveness.

V. PERFORMANCE EVALUATION

A. Simulation Setup

Network parameters: In our experiments, we use realistic
parameters based on the Google Cloud Platform (GCP) infras-
tructure. We set the rate limit for a cloud node at 2 Gbps, which
represents the standard outbound bandwidth for a container
on GCP [44]. The connectivity characteristics (RTT, leading
to achievable throughput) between any pair of these locations
are based on GCP’s inter-region latency data [45]. Candidate
paths are dynamically constructed for each request by consid-
ering direct connections and paths through one or two proxy
nodes chosen from this pool of potential GCP locations, with
path feasibility determined by the derived throughput and other
constraints. The cost of setting up each instance is a, while the
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cost of transferring data is b per GB [24], [46], [47]. This config-
uration provides a realistic framework for evaluating algorithm
performance in cloud environments.

Workloads: Due to the lack of publicly available inter-
datacenter traffic demand data, we generate data transfer re-
quests based on the method used in CloudPilot [15], which is
the most relevant work in this area. Each data transfer request
consists of a fixed size of 2 GB that must be transmitted before a
specified deadline δ. The source and destination nodes are ran-
domly selected to effectively simulate typical traffic scenarios.
Each request is associated with a positive revenue that correlates
with the data size. This workload generation approach allows us
to comprehensively evaluate the performance of our proposed
algorithms under various traffic patterns and constraints.

Comparison schemes: To evaluate the performance of the
solution PRATER proposed in this work, we compare it with
the baseline without cloud acceleration and the state-of-the-art
data transfer approaches, CloudPilot [15], based on split cloud
proxies as this work, described as follows.
� Direct: This is the baseline method that transfers data

without cloud acceleration, commonly used in most current
inter-datacenter data transfer solutions [15].

� F-FCT: The flow-greedy algorithm proposed by Cloud-
Pilot [15] first computes the potential gains in reducing
flow completion time (FCT) by using various paths based
on different proxy locations, compared to the Direct trans-
mission method for each flow request. It then sorts the
requests by gain and processes them greedily, selecting
those that maximize the gain sequentially until the budget
is exhausted.

� 2-P RB: The two-proxy greedy with rollback algorithm
proposed by CloudPilot [15] creates a set of path candidates
that includes all possible combinations of adding two proxy
instances and evaluate them in a greedy manner. At each
step, it evaluates the total FCT obtained for each candidate.
If a candidate achieves a better total FCT, its allocation
is retained. The algorithm terminates when no candidate
improves the total FCT or when the budget is exhausted.

� Optimal: The optimal solution obtained by directly solv-
ing the MILP model discussed in Section III-B using the
standard solver MOSEK [48]. Although this approach is
computationally intensive, it provides an upper bound on
performance and serves as a benchmark for evaluating the
effectiveness of heuristic designs.

Performance metrics: We compare total profit, revenue, cost,
and the proportion of deadline-meeting requests across a wide
range of experimental parameters to evaluate the effectiveness
of PRATER. Additionally, to evaluate efficiency, we also record
the algorithm runtimes.

To ensure a fair comparison, CloudPilot algorithms (F-FCT
and2-P RB) are budgeted to match the transfer cost incurred by
PRATER. This standardized the cloud cost constraint, facilitating
an equitable evaluation of their efficiency in optimizing data
transfers within the given budget and deadline limits. Perfor-
mance metrics for F-FCT and 2-P RB are derived directly
from their original CloudPilot source code [24], eliminating re-
implementation discrepancies and ensuring accurate capability

reflection. To ensure robust results, each parameter setting is
independently executed five times, and we report the best-case,
average, and worst-case outcomes.

B. Experimental Results

1) General Performance: To comprehensively evaluate the
performance of the baseline algorithms, we conducted three sets
of experiments, varying workloads, transfer deadline tightness,
and cloud cost configurations.

Impact of varying workloads: We first investigate the impact
of different workloads on the performance of the algorithms by
varying the number of requests. This experiment aims to evaluate
how well the algorithms scale and adapt to handle increasing
volumes of data transfer tasks, providing insights into their
robustness and efficiency under varying workload conditions.
Specifically, we evaluate the performance of the algorithms by
gradually increasing the number of requests from 20 to 100.
Fig. 3 shows the results of total profit, revenue and cost, which are
normalized with respect to the result of F-FCT when the number
of requests is 20. As the number of requests increases, PRATER

consistently outperforms all compared algorithms across all ex-
periments and performance metrics. Specifically, from Fig. 3(a),
it can be observed that PRATER achieves the highest profit
across all workload settings, and its advantage becomes more
pronounced as the number of requests increases. The 2-P RB
algorithm ranks second, while the F-FCT and Direct algorithms
yield lower profits and exhibit similar performance. PRATER

achieves an average improvement of approximately 4.04×,
3.82×, and 4.10× over Direct, F-FCT, and 2-P RB, respectively.
These findings highlight the superiority of PRATER in handling
varying workload conditions and its ability to maintain high
performance even as the number of requests grows. Moreover,
the results show that the total profit for all algorithms grows
almost linearly as the number of requests increases. This is
due to the increased optimization space under a higher number
of requests, allowing the algorithms to select more suitable
flows, thereby enhancing revenue. The costs of using cloud
servers can be distributed across more requests, resulting in
lower total costs for accelerating each transmission request,
which improves overall profit margins. The normalized revenue
results in Fig. 3(b) follow a similar trend to the profits, with
PRATER generating the highest revenue, followed by 2-P RB, and
then F-FCT and Direct. This indicates that cloud-acceleration
solutions, PRATER and CloudPilot (2-P RB and F-FCT), are
more effective in selecting high-yield requests for execution.
In terms of normalized cost, as shown in Fig. 3(c), Direct incurs
no cloud cost, PRATER has slightly higher costs compared to
2-P RB and F-FCT. This is because PRATER, by accepting more
requests, naturally incurs a higher total cost. However, these
additional costs are significantly outweighed by the significant
improvement in profit, demonstrating a highly efficient return
on investment.

To investigate into the performance, we also collect the dead-
line satisfaction of requests for achieved by compared algo-
rithms. Fig. 4(a) shows that PRATER consistently achieves the
highest satisfaction ratio, maintaining above 0.8. F-FCT and 2-P
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Fig. 3. Total profit, revenue, and cost under varying workloads (normalized to the minimum values observed across all compared algorithms and experiments).

Fig. 4. Deadline satisfaction of requests.

RB perform similarly, with their satisfaction ratios decreasing
more rapidly as the number of requests increases. The Direct
algorithm has the lowest satisfaction ratio, dropping below 0.2
when the workload reaches 100 requests. This results can explain
why PRATER always outperforms benchmarks in Fig. 3. We also
observe that the performance improvement of F-FCT and 2-P
RB over the Direct algorithm is relatively small. This could
be because although F-FCT and 2-P RB leverage the cloud
for acceleration, they are not aware of transfer deadlines. As
a result, they may unnecessarily accelerate some requests while
missing the opportunity to complete more urgent transfers within
their deadlines. Consequently, they incur cloud costs without
generating revenue, leading to lower total profits.

Impact of deadline tightness: In this set of experiments, we
evaluate the effect of transfer deadline tightness on algorithm
performance by varying the value of the deadline parameter δ. By
adjusting δ, we simulate scenarios with different levels of time
constraints, ranging from relaxed to stringent deadlines. Fig. 5
illustrates the normalized total profit, revenue, and cost under
varying deadlines (from 30 to 110) for the compared algorithms
(F-FCT, 2-P RB, Direct, and PRATER). In Fig. 5(a), PRATER

consistently achieves the highest profit across all deadline set-
tings. PRATER achieves an average improvement in total profit
of approximately 2.76×, 2.44×, and 2.56× compared to Direct,
F-FCT, and 2-P RB, respectively. The profits of F-FCT, 2-P
RB, and Direct are lower and exhibit similar trends, increasing
as the deadline becomes more relaxed. Fig. 5(b) shows the

normalized revenue results, which follow a similar pattern to
the profits. PRATER generates the highest revenue, particularly
at tighter deadlines, while the other three algorithms have lower
revenues. Regarding normalized cost, as depicted in Fig. 5(c),
PRATER incurs the highest cost across all deadlines, with the gap
between PRATER and the other algorithms being largest at the
tightest deadline. The costs of PRATER decrease as the deadline
becomes less strict, while F-FCT and 2-P RB becomes less
stable.

Fig. 4(b) shows the deadline satisfaction ratio under vary-
ing deadline tightness. As the deadline becomes tighter, all
compared algorithms exhibit a decline in their ability to meet
deadline. However, PRATER maintains its superiority, with a
satisfaction ratio above 0.8 even at the tightest deadline of 30.
F-FCT and 2-P RB have comparable performance, while the
satisfaction ratio of Direct solution falls sharply with tighter
deadlines, below 0.2 at the tightest deadline.

Impact of cloud cost: We also vary the cost settings of
instances and bandwidth to evaluate the effectiveness of the
algorithms in handling diverse cloud cost configurations. By
altering the pricing models and cost parameters, we can assess
how the algorithms adapt and optimize data transfers in different
cost scenarios. This experiment provides insights into the cost-
efficiency and flexibility of the algorithms in real-world cloud
environments where pricing may vary across providers and over
time.

Fig. 6 presents the performance of the compared algorithms
(PRATER, F-FCT, 2-P RB, and Direct) under different instance
costs, ranging from 10 to 60 cost units per instance. Fig. 6(a)
shows the normalized total profit for each algorithm. As the
instance cost increases, the total profit keep relatively stable
for all algorithms. However, PRATER consistently achieves the
highest profit across all instance costs, maintaining a significant
advantage over the other algorithms. Its profit is approximately
6.13×, 4.33×, and 5.22× that of Direct, F-FCT, and 2-P RB, re-
spectively. F-FCT, 2-P RB and Direct have similar performance.
Fig. 6(b) illustrates the deadline satisfaction ratio, where PRATER

maintains the highest satisfaction ratio, consistently above 0.9,
even as the instance cost increases. F-FCT and 2-P RB exhibit
comparable performance, with their satisfaction ratios being
lower than PRATER but higher than Direct. The Direct algorithm
has the lowest deadline satisfaction ratio.
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Fig. 5. Total profit, revenue, and cost under varying deadlines (normalized to the minimum values observed across all compared algorithms and experiments).

Fig. 6. Performance under different instance costs (a).

Fig. 7. Performance under different egress costs (b).

In scenarios with varying bandwidth costs, as Fig. 7 shown,
PRATER achieves a total profit approximately 5.53×, 5.12×,
and 4.54× greater than the other three algorithms, respec-
tively. PRATER consistently maintains high performance across
different cost conditions, largely due to its cost-aware proxy
deployment scheme and deadline-aware scheduling strategy,
which together allow for higher improvement through more
effective cost and revenue control when scheduling data
transfers.

We can also see that PRATER is more sensitive to changes
in bandwidth costs than instance costs, compared with other
algorithms. As shown in Figs. 6(a) and 7(a), the total profit

Fig. 8. PRATER vs. Solver-based optimal solution. The solver-based optimal
solution for 1000 requests is obtained by solving the relaxed Linear Program-
ming (LP).

achieved by PRATER decreases as instance and bandwidth costs
increase, but the decline is much smaller for instance costs. This
is because that the number of proxies is relatively same for all
algorithms, while PRATER incurs more egress cost for serving
more transfers. Moreover, as illustrated in Figs. 6(b) and 7(b),
the proportion of deadline-meeting requests for each algorithm
remains largely unaffected by changes in cost. This stability
is primarily due to the number of requests in this scenario is
relatively large, which allows instance costs to be distributed
across more requests. This reduces the cost per request, enabling
a stable proportion of deadline-meeting requests even as overall
costs increase.

2) Comparison to the Optimal Solution: Lastly, we compare
the performance of our algorithm against solver-based optimal
solution in terms of normalized profit and running time under
varying numbers of requests |F | (from 20 to 1000). In our
approach, the path set size |P | is not an independent variable; it
is determined by |F | as our algorithm generates eligible paths
for each request. Consequently, an increase in |F | inherently
leads to an increased total number of potential paths generated
and evaluated, thus implicitly scaling the effective |P | consid-
ered. Experiments are conducted on a personal laptop (AMD
R7-4800 U processor, 16 GB memory). The simulations used
Python 3.8 and PyCharm, with no other programs running to
ensure stable performance. Fig. 8(a) shows that as the number
of requests increases, the profit grows for both and the optimal
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Fig. 9. Component-wise comparison.

consistently achieves higher profits compared to our algorithm.
Although the gap between the two algorithms widens as the num-
ber of requests increases, it remains relatively small. Fig. 8(b)
illustrates the running time (in seconds) of both algorithms on a
logarithmic scale. The solver-based optimal solution exhibits an
exponential increase in running time as the number of requests
grows. In contrast, the running time of our algorithm PRATER

increases at a much slower rate. At 100 requests, the optimal
solution takes 1275.8 seconds to solve, while PRATER only
requires 39.9 seconds, which is approximately 32 times faster.
In summary, the experimental results demonstrate that while the
solver-based optimal solution achieves slightly higher profits
compared to PRATER, it comes at the cost of significantly longer
running times. PRATER, on the other hand, provides a good
balance between profit and running time, making it more suitable
for larger-scale scenarios with a higher number of requests.

3) Component-Wise Comparison: Fig. 9 presents an ablation
study that quantifies the individual and combined contributions
of multipath routing and TCP-splitting to profit, as the number
of requests increases. We benchmark PRATER’s performance
against established single-path TCP proxy algorithms, specifi-
cally Cloudpilot’s F-FCT and 2-P RB. The results demonstrate
that the multipath routing capability of PRATER contributes
largely in achieving high profit. This substantial performance
improvement by multipath alone stems from its ability to ef-
fectively distribute traffic across an average of 3 to 6 available
paths, thereby significantly outperforming single-path alterna-
tives, even when those alternatives incorporate TCP-splitting.
Moreover, the integration of TCP-splitting within the multipath
PRATER framework further enhances performance, resulting in
even higher profit levels.

4) Limitations and Future Work: While PRATER demon-
strates promising performance, our evaluation, particularly for
thousands of requests (Fig. 7(b)), indicates a certain degree of
scalability challenge that warrants future investigation. Beyond
this, a full quantitative analysis of computational overhead,
assumptions on RTT stability, TCP window sizes, and scalability
to 10+ cloud regions is beyond the current scope. Future work
will focus on optimizing for larger scales, rigorously analyzing
its resource consumption, and developing adaptive mechanisms
for more dynamic network conditions to enhance its robustness
and applicability.

VI. CONCLUSION

In this paper, we address the challenge of timely bulk data
transfers across datacenters under deadline constraints. Given
the slow growth of inter-datacenter bandwidth, we propose a new
approach that leverages elastic cloud proxies and multipath rout-
ing to accelerate data transfers. Recognizing the cost associated
with cloud proxies, we joint optimize cloud proxy deployment
and traffic allocation, aiming to maximize the system profit. To
effectively tackle this NP-hard problem, we present an algorithm
that incorporates techniques such as problem decomposition,
relaxation-rounding, and iterative searching. It can efficiently
find near-optimal solutions for cloud proxy deployment and
traffic allocation within a practical scheduling time, enabling
the system to accept and fulfill as many transfer requests as
possible while minimizing the costs associated with cloud prox-
ies and bandwidth consumption. Extensive simulations demon-
strate that the approach we proposed significantly outperforms
existing direct and cloud-based transfer solutions, substantially
enhancing overall profitability. While optimizing performance
and cost, we recognize that security and privacy implications of
using third-party relays in proxy-based transfers are crucial and
warrant further exploration.
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