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Abstract—Today’s fast-growing Video-on-Demand (VoD) ser-
vice needs efficient content delivery to guarantee the user
experience. To reduce costs, the industry has been exploring
the adoption of unstable, heterogeneous, low-performance edge
nodes as cost-efficient alternatives to expensive CDN servers. To
compensate for the resulting degradation in user experience,
Multi-source Parallel Downloading (MPD) is becoming a new
VoD transport paradigm. However, existing transport optimiza-
tion solutions face performance obstacles when applied to the
MPD scenarios. They cannot handle the contention between
MPD flows of the same download task, which is likely to occur
at the shared last-hop, and lack the ability to quickly adapt
to the unstable network environments brought by dynamic,
heterogeneous, and low-performance edge nodes. To fill this gap,
we propose Hermit, a VoD-oriented MPD transport algorithm.
Hermit (1) continuously monitors the state of the flows and makes
timely scheduling decisions, and (2) efficiently coordinates across
the flows to mitigate self-contention at the shared last hop. As
a client-driven scheme, Hermit does not require cumbersome
coordination among edge nodes, nor does it increase server com-
plexity. Through extensive experiments on real-world large-scale
testbed and locally emulated network conditions, we demonstrate
that Hermit can improve the consistent downloading rate by 9.2 %
to 21.3%.

I. INTRODUCTION

With the explosive growth of video streaming traffic, es-
pecially in Video-on-Demand (VoD) services [1], providers
are exploring cost-effective delivery architectures beyond con-
ventional CDNs. Multi-Source Parallel Downloading (MPD),
which aggregates bandwidth from multiple edge nodes, has
emerged as a promising solution to reduce delivery costs
and improve download performance [2]. Fig. [I] illustrates a
typical network topology of MPD, where a user establishes
connection with multiple edge nodes, one connection per
edge node, to perform a video on-demand delivery task. MPD
can utilize multiple edge nodes simultaneously to improve the
overall performance of the downloading task, reducing video
service providers’ costs significantly by extensively using edge
nodes instead of expensive CDN nodes, which has aroused the
interest of video service providers [2], [3], [4], [5], [6].

However, MPD introduces new transport challenges. Mul-
tiple concurrent flows may contend at the client side, causing
self-induced congestion. Existing congestion control algo-
rithms typically allow each flow to detect congestion signals
only from its own traffic, while congestion at the shared

IThe words connection and flow in MPD are interchangeable in this paper.
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Figure 1: A typical topology of MPD.
bottleneck may be promptly detected by some flows but go
unnoticed by others. Moreover, the number of concurrent flows
significantly affects performance, yet existing schemes often
ignore this factor. These issues raise new transport require-
ments and render existing approaches [2], [3] insufficient.

We observe that effective MPD transport requires (1) adap-
tive flow-level scheduling to prevent excessive aggregation
and (2) collaborative congestion control to quickly respond
to shared bottlenecks. However, realizing such a design en-
tails overcoming two critical difficulties. First, due to the
heterogeneous nature of edge nodes, dynamically selecting
sources based on network conditions can incur substantial
overhead, especially for short-lived VoD tasks. Existing multi-
source VoD systems such as Twist [2] typically assume a fixed
number of flows; continuously reevaluating node selections
for each task may therefore offer limited benefit. Second,
it remains nontrivial to distinguish self-contention-induced
congestion from ordinary single-flow congestion. Misinter-
preting congestion signals (e.g., packet loss or delay) as
self-contention can trigger excessive reactions, resulting in
bandwidth underutilization.

To solve these problems, we propose Hermit, a fast adaptive
and flow-collaborative transport solution specifically designed
for VoD MPD. Hermit consists of two major components. The
flow scheduler carefully selects the optimal number of edge
nodes to avoid excessive bandwidth waste, ensuring efficient
resource utilization (. It uses a simple yet effective
two-stage probing method that does not require maintaining
history link states and can converge on an appropriate number
of flows. The congestion controller of Hermit shares conges-
tion signals across flows and constructs adaptive judgments
from network statistics to accurately interpret and proactively
respond to self-congestion events(. Our emulations
demonstrate that Hermit improves download speed by 5.6%
and enhances consistent throughput by an average of 11.3%
(§IV-B). Large-scale evaluations show that Hermit effectively
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Figure 2: CDF of the metrics for edge server nodes.

utilizes edge nodes, improving consistent data delivery rates

by 9.2% to 21.3% ({IV-C), while maintaining low CPU and

memory consumption.
In summary, our key contributions are:

o We reveal the key performance problems of the existing
transport solutions under MPD scenarios (.

o We propose Hermit, a fast adaptive and flow collaborative
transport scheme for MPD scenarios, which can consis-
tently fully utilize the bottleneck link capacity along with
fast adaptability (§III).

« We implement Hermit on top of a VoD application to
be lightweight, and then evaluate Hermit by extensive
experiments in emulated networks and large-scale, real-
world experiments to prove its effectiveness (.

II. BACKGROUND AND MOTIVATION
A. Background and Related Work

Multi-Source Parallel Downloading (MPD). Extensive re-
search has explored replacing costly CDN servers with cost-
effective edge nodes [4], [5], [6], [2], [3]. These approaches
enable clients to download content from multiple edge nodes
simultaneously, forming the MPD paradigm. Twist, a large-
scale system from ByteDance |2], [3], has been operating for
over three years, serving more than 300 million users and
accounting for about 35% of the video traffic.

Multipath Transport. Transport protocols such as MPTCP [7]
and MPQUIC [8] also leverage multiple paths to improve
access throughput and reliability for multi-interface mobile
devices [9]. Before the advent of MPD, P2P-based systems [4],
[LO], [L1], [12], [13] were widely adopted for large-scale data
delivery, focusing primarily on maximizing throughput. MPD
differs fundamentally by involving more heterogeneous nodes
and a shared last-hop bottleneck near the client.

Congestion Control Algorithms (CCAs). Single-path CCAs,
including Reno [14], Cubic [15], Vegas [16], Copa [17],
GCC [18], and BBR [19], rely on various congestion signals
such as loss, delay, or delivery rate. For bulk data transfers over
CDN:ss, specialized CCAs have been proposed [20], [21], [22],
[23]). Since the introduction of MPTCP and MPQUIC, multi-
path CCAs [24], [25], [26], [27], [28] have been developed to
extend these algorithms to multi-path environments. However,
even these multipath CCAs treat flows independently and lack
mechanisms for collaborative congestion handling required in
MPD scenarios.
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Figure 3: The video downloading duration and packet loss vs.
varying numbers of flows, where SC refers to self-contention.

B. Performance Obstacles

The performance heterogeneity of edge server nodes in
MPD is evident from their link capacity and packet loss. As
depicted in Fig. as the cumulative distribution function
(CDF), 82.9% of the nodes exhibit a bandwidth below 10
MB/s, while 71.5% have a bandwidth lower than 5 MB/s.
Conversely, the maximum 10% of the nodes can attain a
bandwidth up to 10 times the minimum 10%. Considering
that the average downloading speed under mobile networks
can reach 43 MB/s and the bitrate for 4K video is at
about 18 Mbps [1], downloading on a single edge node can
potentially result in significant performance degradation due
to the physical capacity gap. Fig. illustrates the CDF
of packet loss rates observed from edge nodes with more
than 20.6% exceeding 10% loss rate. Packet loss can lead to
retransmissions, Head-of-Line (HoL) blocking, and stalls in
VoD playback. This inherent poor performance of edge nodes
also poses a risk of performance degradation. Compared to
traditional scenarios involving multiple flows, MPD presents
a novel set of performance challenges. Specifically, VoD
in MPD encounters two key performance obstacles due to
its unique characteristics: (1) strong node heterogeneity and
(2) a topology in which multiple flows aggregate and share
bottleneck near the client.

Obstacle 1: Diminishing returns with increasing flow het-
erogeneity. When the number of edge nodes exceeds a certain
threshold, adding more nodes no longer improves delivery
efficiency and can even degrade performance. To validate this
phenomenon, we conduct experiments using an MPD applica-
tion in a Mininet-based topology (Fig. , where the number
of nodes varies from 2 to 13 with random RTTs (5-50 ms) and
small random loss rates (0-1%). As shown in the figure, in-
creasing the number of nodes initially accelerates downloads,
but beyond five nodes, the benefit quickly diminishes, and
performance declines when more than ten nodes are used.
This degradation mainly stems from two factors. First, the
growing disparity among heterogeneous nodes amplifies tail-
performing nodes can delay decoding and disrupt the overall
VoD experience. Second, excessive flows can reduce consistent
throughput (the in-order data rate perceived by users), even
with high aggregate bandwidth. In our experiments, consistent
throughput dropped up to 20-30% below total throughput as
node counts increased. Moreover, maintaining many active
flows adds overhead to both clients and edge nodes.
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Figure 4: Rate change during a congestion
event in the case of single flow.

Obstacle 2: Self-contention at the shared last hop. As
shown in Fig. increasing the number of flows amplifies
packet loss, with self-contention at the shared last hop becom-
ing the dominant cause. Even under optimal configurations,
such loss exceeds random link loss, resulting in redundant
retransmissions and reduced efficiency. The primary reason
lies in asynchronous congestion detection among subflows
converging on the same wireless bottleneck. Our analysis in
Figs. andillustrate that, unlike single-flow CCAs reacting
promptly at ¢;, multi-flow scenarios introduce inter-subflow
delay (to — t1) before all flows adjust, leading to prolonged
contention and slower recovery. Consequently, MPD scenarios
exhibit higher packet loss and lower throughput stability
despite potentially higher aggregate throughput. Empirical
validation using Mininet [29] and Iperf [30] (Fig. @ confirms
frequent loss and oscillation patterns consistent with this
analysis.

I[II. METHODOLOGY

In this section, we first formalize the challenges and provide
an overview of the corresponding components of Hermit de-
sign. Then, we give a detailed introduction of each component.

A. Design Overview

Designing and implementing a transport solution for com-
mercial VoD MPD scenarios presents two design challenges:
(1) Choosing appropriate edge nodes and scheduling in a
highly dynamic, heterogeneous environment. In establish-
ing connections, our approach should select the appropriate
nodes from a pool of candidates with unknown performance
characteristics. This introduces 3 key issues: determining the
required number of nodes, selecting suitable nodes based on
link statistics, and scheduling flows in a timely manner based
on the monitored network states. (2) Accurately capturing
and handling congestion events at the shared last-hop. Even
with the correct number of nodes, self-contention can still
occur frequently at the last hop. If lost packets are not retrieved
before the user buffer is depleted, video stalls will occur.
However, self-contention congestion signals can be confused
with other events like random fluctuations or congestion on a
single link. Our method should accurately capture and interpret
congestion signals, share them across flows, and differentiate
them from other causes of congestion.

As shown in Fig. [7| the workflow of Hermit operates as

time t t,

Figure 5: Rate change during a congestion
event in the case of multiple flows.
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Figure 7: The overview of Hermit design.

follows. In the context of MPD-based VoD scenarios, the
client initiates requests to edge nodes, which respond with
the corresponding data payloads. The client collects the data
pieces, requests retransmissions for lost packets, and assem-
bles the complete video frame. To control the data arrival rate,
the client adjusts the size of its request congestion window
(CWND). Our methodology includes two novel components:
1) A state-based dynamic flow scheduler that performs
coarse-grained management, continuously monitoring and
managing the state of each flow ({ITI-B).
2) A flow-collaborative congestion controller that infers
congestion and makes timely joint window adjustment
decisions by coordinating across the flows under the same

download task (§III-C).

B. Scheduling the Flows

The flow scheduler is responsible for maintaining link
statistics and managing the number of active flows. To ensure
a lightweight yet effective scheduling mechanism, we propose
storing a simple piece of data instead of the history of node
states: the final number of flows Ny from the history VoD
task. The flow scheduler adopts a self-converging two-stage
strategy.

Stage 1: Connection establishment. Before downloading,
the VoD client retrieves a list of 2Ny candidate edge nodes
containing the requested video. The initial choice of edge
node quantity can be coarse-grained, because within a range
(such as 5 to 8 flows in Fig. user experience remains
relatively stable. A slightly over-provisioned pool ensures
node availability and tolerance to poor links. The scheduler
initializes Ny + 1 active flows, allowing one spare flow that
can be deactivated if performance degradation occurs.

Stage 2: Connection reduction. Once connections are

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on September 08,2026 at 01:38:39 UTC from IEEE Xplore. Restrictions apply.



CE; CE, CE, CE, CE, CE,
I 1
OldWnd, —= » NewWnd, <OldWnd> ——= » <NewWnd>
“'Iﬂn"y decision
OldWnd, > NewWnd, <OldWnd> > <NewWnd>
OldWnd, » NewWnd, <OldWnd>: 3 <NewWnd>

Figure 8: Existing CCAs
only make decisions on
the window of each flow
separately based on the
congestion events of the
single flow.
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established, the scheduler monitors CWND, RTT, and loss
to refine the flow set. At this stage, the scheduler prioritizes
reducing the number of flows. It progressively disables one
flow at a time and observes the impact on performance. If
throughput remains stable, the reduction is kept; otherwise,
another candidate node is tested. To avoid oscillation, a flow is
deactivated only when its loss rate exceeds 20% and dominates
all other links.

C. Collaborative Congestion Control

The congestion controller dynamically adjusts each flow’s
CWND based on inferred congestion states while maintaining
scalability. Unlike existing CCAs that act in isolation, Her-
mit coordinates across multiple flows by sharing congestion
information, acting as an upper-layer policy compatible with
existing CCAs. It consists of two modules: collaborative
congestion detection and joint CWND adjustment.

Collaborative congestion detection. When self-contention
occurs at the shared last hop, the flow that first detects con-
gestion propagates this signal to others, enabling faster global
awareness. To distinguish such self-contention from random
losses or transient fluctuations, Hermit smooths RTT variations
using an exponentially weighted moving average (EWMA) as
ARTT![t] = «ARTT;[t] + (1 — «)ARTT][t — 1]. Each flow
reports both the smoothed RTT gradient and packet loss L;[t],
which are aggregated in Y[t] = > (wFARTT![t] + wFL;i[t])
to infer the shared congestion state. w!* and w’, the adaptive
weights for RTT and loss, are iteratively updated based on
how well the individual flow signals align with the inferred
congestion:

wiilt +1] = wft)(1 + ndf (),
wi [t +1] = w [t](1 +ndf [t])
where 7 is the learning rate and J indicates the consistency

with the inferred state. The aggregated congestion signal Y'[¢]
is compared with an adaptive threshold to get

o] = {(1) YIU>TU w5 swaanpy)

otherwise
where T'[t] evolves dynamically to reflect network changes
without requiring labeled data or complex models.

Joint CWND adjustment. Upon detecting self-contention
(C[t] = 1), Hermit jointly adjusts the CWNDs of all affected

flows, in contrast to traditional CCAs that act independently. It
further refines these adjustments via regression feedback, im-
proving stability and responsiveness over time. To avoid exces-
sive oscillations, the total sending window is regulated using a
dynamic per-flow coefficient:w?P[t + 1] = wZ[t](1 + néZ[t]),
where 672[t] penalizes flows causing HoL blocking or slow
loss recovery (e.g., when receiver buffer depth exceeds one
BDP). This cooperative mechanism allows flows to converge
toward stable utilization under shared last-hop contention.

IV. EVALUATION

In this section we evaluate Hermit to answer the following
questions:

1) Can Hermit achieve consistently high performance and con-
verge fast? We conducted emulations for various network
scenarios, and the results show that Hermit can improve
the downloading speed by 5.6% and enhance the consistent
throughput by 11.3% on average (§IV-B).

2) Can Hermit deliver high performance in real-world, large-
scale commercial services? We performed both mobile
unit tests (§IV-CI) and large-scale, real-world experiments
(§IV-C2) to evaluate the performance of Hermit in practical
deployment scenarios. The results demonstrate that Hermit
can improve the consistent data delivery rate by 9.2% to
21.3%.

3) Is Hermit lightweight enough to run on mobile devices?
We evaluated the overhead of Hermit by analyzing its
CPU and memory consumption on a mobile phone. Our
findings indicate that it is a lightweight solution with good
scalability, making it suitable for deployment on mobile

devices (§IV-C3).
A. Experiment Setup

To validate the practical applicability of Hermit, we inte-
grate the algorithm as a patch into a VoD application imple-
mented on the Android 13 platform and built with Gradle 8.0.
As our baseline, we adopt the joint flow control mechanism
from Twist [2], a multi-source transport framework deployed
at scale in commercial systems. We assess Hermit’s impact
on real-world network performance including consistent down-
loading rate and packet loss. Hermit was successfully deployed
and tested in real-world conditions, including both home WiFi
scenarios and across a wide range of mobile devices with
varying performance capabilities. For emulation, we leverage
Mininet [29], a widely-used network emulator, to explore a
wide array of topologies and network conditions.

B. Emulation

1) Controlled Environment: We first emulate a homoge-
neous network where each node has 50 ms delay, 10 Mbps
bandwidth, and no random loss (Fig. . The shared last-hop
link provides 20 Mbps bandwidth with 1 % random loss. We
vary the number of flows (2, 4, 8, 16) to compare Hermit
with Twist under two CCAs: Cubic (single-flow) and OLIA
(multi-flow).

e Loss ratio (Fig. . Integrating Hermit with OLIA

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on September 08,2026 at 01:38:39 UTC from IEEE Xplore. Restrictions apply.



w
[=2]

]

Loss Rate (%)
-

Loss Rate (%)
I

N

o
(=]

2 4 8 16 2 4 8 16
# of Flows # of Flows

(a) Loss rate (%) with homogeneous (b) Loss rate (%) with heterogeneous

flows. flows.
~ 20 —

2 219
= =

2 218
318 3

£ =
=2 o

Z16 z16

15

2 4 8 16 2 4 8 16

# of Flows # of Flows

(c) Average Thpt (Mbps) with (d) Average Thpt (Mbps) with
homogeneous flows. heterogeneous flows.

©

16

= e
o

14

= e
'S

12

Consistent Thpt (Mbps)
N

Consistent Thpt (Mbps)

-
=)

2 4 8 16 2 4 8 16
# of Flows # of Flows

(e) Consistent Thpt (Mbps) with (f) Consistent Thpt (Mbps) with
homogeneous flows. heterogeneous flows.

Figure 10: Performance of Hermit compared with other algo-
rithms. ‘T+C’ denotes Twist flow control with Cubic, “T+O’
denotes it with OLIA, and ‘H+C’ and ‘H+O’ denote Hermit with
Cubic and OLIA respectively as the underlying CCA.

Convergence of Flow Scheduler

11.259

—e— Duration (2 flows) |
—m- Duration (6 flows) | 500

—— Duration (10 flows) a
o Loss (2 flows) [4
=~ Loss (6 flows)
~k- Loss (10 flows)

-
=
=3
=3

Download Duration (s)
[
& 5 o
NS
& 3 &

=
o
=)
=3

1 2 3 4 5 6 7 8 9 10
Experiment Number
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achieves the lowest loss (2.01 %), compared with Cubic’s
2.78%, showing Hermit ’s ability to mitigate congestion-
induced loss.

o Average throughput (Fig.[I0(c)). Hermit improves through-
put by 4.2% with Cubic and 3.7% with OLIA, demonstrat-
ing efficient bandwidth utilization.

o Consistent throughput (Fig. [T0(e)). Hermit enhances
throughput stability, reducing retransmission ratios by 9.5%
(Cubic) and 3.7% (OLIA), confirming its fast adaptability
to congestion dynamics.

2) Heterogeneous Flows: Following the experimental
topology in we evaluate heterogeneous link scenarios
with delays of 30-100 ms, bandwidths of 5-15 Mbps, and
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Figure 12: Performance of Hermit in real-world mobile test.
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Figure 13: Performance of Hermit in large-scale testbed.

random single-link losses of 0-2%. Results are shown in

Fig.[10(b)} [10(d)| and|[10(H)}

o Impact of heterogeneity. Network heterogeneity leads
to throughput degradation, average throughput drops by
11.0% and consistent throughput by 13.5%, mainly due to
increased vulnerability to packet loss, which worsens with
more concurrent flows.

o Benefits of Hermit. Applying Hermit improves both
throughput and loss rate across Cubic and OLIA. It in-
creases average throughput by 5.6% and consistent through-
put by 11.3%, while reducing OLIA’s packet loss by up
to 63%. The gains stem from proactive mitigation of HoL
blocking among heterogeneous flows.

C. Real-world Evaluation

1) Mobile Test: We evaluated Hermit in a real-world WiFi
environment using a VoD application that simultaneously
downloaded a video from 10 edge nodes (Fig. . Each
experiment was repeated 300 times to construct CDFs of
download rate and timeout rate.

o Overall performance. Among all schemes, Hermit +OLIA
achieves the highest download rate, demonstrating its ef-
fectiveness under realistic mobile conditions.

o Tail performance. In the timeout CDF, Hermit +OLIA
exceeds a 4% loss rate in only 20% of runs, compared
with about 40% for Cubic. For the download rate CDF,
less than 10% of Hermit +OLIA cases fall below 20 Mbps,
whereas Cubic and OLIA alone exhibit nearly half of trials
below this threshold. These results confirm that Hermit
substantially improves both median and tail performance
in mobile MPD scenarios.

2) Practice in Large-scale Testbed: We further tested Her-
mit on a large-scale mobile network with 1,000 Android
devices using both cellular and WiFi connections. Devices
running Cubic+Hermit were compared with baselines over
multiple days of video downloads. As shown in Fig.
and Fig. Hermit consistently maintains higher average and
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Table I: CPU and memory overhead of Hermit enhanced
application on a mobile phone.

CPU (%) Memory (MB)
# of nodes | w/ H(Hermit) w/oH | w/ H w/oH
10 11.5 11.2 20.4 18.6

20 11.7 114 26.2 22.8

consistent throughput over time, highlighting its scalability and
adaptability to varying network conditions.

3) Resource Consumption: Table depicts CPU and mem-
ory usage of the Hermit-enhanced VoD application. The CPU
utilization increases only slightly (from 11.2% to 11.5%), and
memory consumption remains modest, rising from 18.6 MB to
20.4 MB with ten nodes, and from 22.8 MB to 26.2 MB with
twenty nodes. These results confirm that Hermit introduces
negligible computational overhead and is suitable for mobile
deployment at scale.

V. CONCLUSION

As the industry shifts toward cost-efficient yet unstable edge
nodes as alternatives to CDN servers, MPD has emerged as
a promising VoD transport paradigm. We presented Hermit,
a fast adaptive and flow-collaborative transport scheme that
mitigates contention among concurrent MPD flows and adapts
effectively to heterogeneous, dynamic edge environments. Our
evaluations demonstrate that Hermit significantly improves
download efficiency and throughput stability. The proposed
flow-collaborative mechanism also holds potential for broader
applications, including live streaming, distributed cloud data
transfers, and IoT data aggregation.
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