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Abstract The BitCover algorithm is an adaptation of the popular BitTorrent algorithm for interactive Video-on-
Demand (VoD) streaming over 5G cellular networks. This algorithm has already proven to be an effective solution
for granting adequate bandwidth utilization within each cell site, which turns out to be essential for unlocking the
whole potential of the 5G technology. Despite its attractive performance, we though wonder if there is still space
for optimization since four of its configuration parameters are identical to those of the original BitTorrent, being
set with the same numerical values. These parameters are d; (unchoking time), IV, (number of neighbors a peer
has), y (number of data slots a peer’s upload capacity is divided into), and z (number of peers randomly selected in
optimistic unchoking). To tackle this issue, we therefore carry out simulation experiments to hopefully determine a
more adequate configuration setup for the three first parameters just mentioned, leaving the specific analysis of the
last parameter (i.e., z) implicit since it is directly related to the third parameter (i.c., y). Among the major findings,
we highlight that BitCover’s original performance is enhanced at about 16.7% in terms of download rate, and at
50.1% in terms of discontinuity time. To complement this study, we also present a detailed competitive analysis
against two other recent literature proposals, mainly to show the overall effectiveness of the optimized version of the
BitCover algorithm. Within this context, our pivotal contribution is to offer helpful insights for designing protocols
aimed at 5G cellular networks. Finally, this paper ends with general conclusions and outlines future directions.
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1 Introduction

Introduced globally by major telecommunications com-
panies in 2019, the 5G technology represents the fifth-
generation standard for broadband cellular networks. It is in-
tended to succeed the 4G technology and is estimated to have
over 1.7 billion subscribers worldwide by 2025, according
to the GSM Association [Sandvine, 2023; Pana ef al., 2022;
Narayanan et al., 2020; Xu et al., 2020].

Similar to its predecessors, the 5G service coverage is or-
ganized into discrete geographic regions known as cell sites.
Within a cell site, all 5G wireless devices establish connec-
tions to the Internet and conventional telephone networks
using radio waves transmitted via local cell antennas. The
primary benefit of these cutting-edge networks lies in their
capability to offer astonishing download speeds, with the po-
tential to reach up to 10 Gbps in the future. This impressive
feat is made possible through a combination of technologi-
cal advancements, such as extensive employment of massive
multiple-input multiple-output (MIMO), sophisticated chan-
nel coding, and scalable modulation techniques [Narayanan
etal.,2020; Xu et al., 2020].

Given the remarkable capabilities of 5G-technology-based
communications, it is anticipated that Internet Service
Providers (ISPs) will progressively leverage these emerging
networks to provide connectivity for laptops and desktop
computers, competing with established infrastructure like
cable Internet. Moreover, 5G technology is poised to en-

able novel applications within the realms of the Internet of
Things (IoT) and machine-to-machine (M2M) communica-
tion [Narayanan et al., 2020; Xu et al., 2020].

Nevertheless, this amazing technological scenario also
yields some preoccupation due to the increasing mobile-data
traffic volume that needs to be efficiently transmitted across
the entire cellular-network architecture, i.e., from cell sites to
the core network via the mobile backhaul network (and the
other way around). This issue must be tackled, otherwise,
communication links may turn out clogged. [Li et al., 2022;
Molner et al., 2019; Li et al., 2021]. In particular, a huge
component of traffic undoubtedly comes from the skyrock-
eting popularity of streaming video-on-demand (VoD) ser-
vices [Sandvine, 2023; Shrama et al., 2020; Lin et al., 2023;
Hossain et al., 2019].

Besides the well-known strategies based on mobile edge
computing and caching techniques, another promising al-
ternative to tackle the above issue involves a dedicated ef-
fort to enhance bandwidth utilization within the cell site
through the implementation of efficient bandwidth-sharing
algorithms [Sun et al., 2019; Chen et al., 2022; Zhang and
Mao, 2019; Safavat et al.,2020; Lin et al., 2023]. With thatin
mind, we have then proposed the BitCover algorithm [Rocha
and Rodrigues, 2023]. It is a BitTorrent-based algorithm for
interactive VoD streaming over 5G cellular networks.

The BitCover algorithm has attracted attention due to its
effective performance under a variety of multimedia stream-
ing scenarios. Nonetheless, its parameter set has been partly
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defined according to the original BitTorrent proposal [Cohen,
2003; Legout et al., 2005, 2006]. More precisely, four pa-
rameters of BitCover are the same as those of BitTorrent, be-
ing assigned with the same numerical value configuration.
These parameters are J; (unchoking time), [V, (number of
neighbors a peer has), y (number of data slots a peer’s upload
capacity is divided into), and z (number of peers randomly
selected in optimistic unchoking). This fact leads one to won-
der if there is still space for any performance optimization.

In this work, we therefore carry out detailed analyses
based on simulations seeking to determine the most adequate
configuration setup for the three first parameters just men-
tioned above. We explain that the fourth parameter (i.e., 2) is
directly related to the third parameter (i.e., y) and hence does
not need to be analyzed. To complement this study, which
may be seen as an extension of our previous work [Rocha
and Rodrigues, 2023], we still present a competitive analy-
sis against two recent literature proposals, mainly to show
the effectiveness of the derived optimized version of the Bit-
Cover algorithm.

The primary contribution of this work is thus to provide the
scientific literature with solid theoretical insights into multi-
media projects, with a particular focus on enhancing inter-
active VoD streaming over 5G networks. The subsequent
sections of this work are structured in the following manner.
Section 2 briefly reviews the BitCover algorithm as origi-
nally proposed in [Rocha and Rodrigues, 2023]. Section 3
discusses some seminal and/or recent works related to our
research problem. Section 4 presents the experiments to find
out the most proper parameter configuration setup for the Bit-
Cover algorithm. In Section 5, we carry out the competitive
analysis. Finally, in Section 6 we provide conclusions and
future directions.

2 The BitCover algorithm

The core elements of the BitCover algorithm’s design are
as follows: (i) the creation of mobile node clusters to col-
lectively share video pieces while playing back content, (ii)
the utilization of WiFi-Direct technology to reduce the load
on the 5G mobile-backhaul network when delivering video
pieces, and (iii) the implementation of an innovative peer-
selection strategy that enhances channel transmission effi-
ciency by giving preference to peers with larger number of
video pieces already downloaded into local buffers.

Within BitCover, the choice for utilizing either 5G or
WiFi-Direct connections is determined by the physical sep-
aration between two endpoints, which are the peers engaged
in sharing the video pieces. When the distance exceeds the ra-
dio range of the WiFi-Direct technology, i.e., the radius, the
piece is routed through 5G channels in the mobile-backhaul
network. Conversely, when the endpoints are within the
WiFi-Direct radio range, they exclusively use a WiFi-Direct
channel. This approach is carefully designed to harness the
key capabilities of both WiFi-Direct and 5G communication
technologies in a complementary manner.

The operation of BitCover is next explained by means of
its peer-selection and piece-selection policies, respectively.
For the sake of clarity, all BitCover’s configuration param-
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eters are given in Table 1, whose third column indicates
whether or not the parameter is used in the BitTorrent pro-
posal [Cohen, 2003], and the fourth column informs the pa-
rameters’ default values. The goal and importance of each of
these parameters in the algorithm’s operation are detailed in
Subsections 2.1 and 2.2. Additionally, let [ be a system pa-
rameter denoting the number of pieces the file is divided into.

2.1 Peer-selection policy

The upload capacity of a peer is partitioned into y data slots,
and the total number of neighbors a peer may have is N,,. A
peer’s neighbors consist of other peers with which it can both
send and receive pieces of a given file L to be watched.

Let a peer g be a neighbor of another peer p. Peer g ex-
presses interest in peer p when the latter possesses pieces
that the former lacks. On the other hand, peer g has no in-
terest in neighbor p when the latter has only pieces already
owned by the former. Similarly to the case of the original
BitTorrent protocol, the peer-selection policy of BitCover in-
cludes two recurring processes: the regular unchoking and
the optimistic unchoking.

The regular unchoking is constituted by the two activities
explained in the following, which occur at every ¢ seconds.

1. Neighbors that have manifested interest in peer p are
ranked based on their average upload rate (in descend-
ing order). In other words, these peers are arranged ac-
cording to their ability to consistently transmit pieces to
peer p at a higher speed.

2. From the ordered list above, f peers are ranked based on
descending piece-coverage criterion (explained below).
Each of these peers is assigned one data slot, and the
value of f is upper bounded by y — 1.

The piece-coverage criterion evaluates how many down-
loaded pieces a peer ¢ already has within its interior buffer
(see next subsection). The reason behind employing the
piece-coverage criterion is to ensure that the chosen peer
has a larger number of pieces available for sharing. In this
case, the efficiency of network communication is enhanced,
the channel utilization is optimized, and the peer-connection
management overhead is reduced.

An illustration for the above understanding is provided in
Figure 1. Consider that neighbors ¢, 7, and s all express in-
terest in a peer p. Peer p should give preference to the peer
that has a larger number of downloaded pieces in its interior
buffer V, detailed in the next subsection. In this case, peer p
will then select peer r since it owns more downloaded pieces.

Regarding the optimistic-unchoking process, we have that
peer p randomly chooses z peers (from its neighbor list) and
allocates z data slots, assigning one slot to each chosen peer.
This process is repeated every dt seconds as well.

2.2 Piece-selection policy

The piece-selection policy is determined by a strategy that
integrates a sliding window, Sy, plus an interior buffer, V.
This strategy is elaborated in what follows.

The video file L is split into [ pieces: 1,2,...,l. Also,
let ¢, be the piece mapping to the playback point currently
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Table 1. BitCover’s main configuration parameters and default values.

Parameter Description BitTorrent Default values
[Cohen, 2003] [Rocha and Rodrigues, 2023]
ot Unchoking time, measured in sec- Yes 10
onds.
N, Number of neighbors a peer p has. Yes 80
y Number of data slots a peer’s up- Yes 4
loaded capacity is divided into.
f Number of fastest neighbors. No 30
radius ~ WiFi-Direct coverage, measured in No 100
meters.
k Number of parts the remainder of No 3
the video L is divided into.
z Number of peers randomly selected Yes 1
in optimistic unchoking. Each of
these peers is assigned a data slot,
which implies that z is directly re-
lated to y.
Sw sliding window, measured in num- No Sw ~0.37 x1
ber of video pieces.
Vv Interior buffer, measured in number No v~0.4xw
of video pieces.
Current playback point downloaded piece
* Buffer V |:| not downloaded
T -
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Figure 1. Piece-coverage criterion.

viewed by the user. In addition, consider s, to be the size
of the window Sy measured in number of pieces. Thus, the
window Sy includes the pieces: [cp; cp + Su).

The window Sy undergoes dynamic updates while the
pieces are viewed and interactive actions are executed. To il-
lustrate this, let Apq, be the number of viewed pieces. The
piece in the first position of window Sy, must be then up-
dated to (¢, + Apray), and its last position must be updated
to (¢p + Sw + Apiay).

Now, consider v as the size (in number of pieces) of buffer
V. The piece in the first position of V' must be coincident
with the piece in the first position of W. Prior to requesting
the next piece from peer p, a peer g verifies whether all pieces
in buffer V have already been obtained. If they have not (i.e.,
buffer V is not entirely filled), peer g will request the in-order
piece that is missing within buffer V.

On the other hand, assume that buffer V is entirely filled
and that the piece in the first position of W is . The remain-
ing portion of the video (i.e., [ — (v + x)) is then subdivided

into k equal parts, each one of size D = (I — (v + z))/k. In
this case, peer g makes a probabilistic request for the next
piece from one of the k parts, as explained next.

Each j-thpart, 1 < 5 < k, is selected using the probability
pj = pr/(j + 1), with p, acquired from Zle p;j = 1. The
piece to request within one of the & parts can be obtained in a
sequential manner or following an alternative policy, like the
rarest-first (i.e., the least replicated piece). In this study, we
opt for the former approach since the performance results re-
ported in the literature are satisfactory [Rocha and Rodrigues,
2023]. Figure 2 depicts this explanation in the case k = 3 and
x = 1. Finally, s,, and v are estimated from the formulas de-
rived in [Rodrigues and Rocha, 20217, namely s,, ~ 0.37 X,
and v ~ 0.4 X 8.
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Figure 2. Graphical view of the video division in pieces, for k = 3 and z = 1.

3 Literature Review

Being aware of the numerous works related to the BitTorrent
protocol in the scientific literature, this section mostly aims
to discuss a few of the most pivotal proposals that aid in ac-
complishing the purpose of this work, thereby providing the
reader with both a historical and a state-of-the-art overview
of this research field. More specifically, some of the most
seminal and/or recent BitTorrent adaptations for streaming
over wireless networks are discussed herein. To simplify and
make it easier to understand, the terms node and peer will
have the same meaning from this point forward.

With a specific focus on Mobile Ad Hoc Networks
(MANETS:), the authors in [Sbai et al., 2008; Krifa et al.,
2009; Sbai and Barakat, 2009; Salhi et al., 2009] intro-
duce the BitHoc protocol and various extensions of it falling
within the cross-layer protocol classification. They use a
peer-selection policy that seeks to balance between piece-
sharing and piece-diversification efforts. Additionally, they
propose the utilization of an optimal neighbor scope, which
involves setting a hop count limit for routes that connect two
peers. Network topology routing information is obtained
through a proactive protocol known as Optimized Link State
Routing (OLSR). While their approach demonstrates effi-
ciency, validated through simulation experiments, it is worth
noting that it does not adequately address client mobility and
lacks support for client interactivity.

Within the layered-architecture protocol classification and
also focused on MANETs, the authors in [Quental and
Gongalves, 2011] introduce the Mobile-BitTorrent protocol.
This proposal considers two distinct categories of peers: dis-
seminator and common. The disseminator periodically sends
content messages via broadcast to its immediate 1-hop neigh-
bors, and can respond to piece requests through unicast com-
munication. On the other hand, the common is capable of
responding to requests from any neighbor via unicast and
has the capacity to receive messages via broadcast and uni-
cast. The authors emphasize the importance of prudent mes-
sage broadcasting to mitigate the risk of packet collisions.
We must mention that the researches of [Casini ef al., 2016;
Jenkac et al., 2006; Leung and Chan, 2007] offer valuable
insights into the efficient dissemination of content through
broadcast. Despite demonstrating competitive performance
in simulations when compared to the BitTorrent protocol, the

primary advantage of Mobile-BitTorrent lies in its simplicity.
However, it is important to note that the simulations do not
account for either client interactivity or mobility.

In [Yang ef al., 2017], the authors introduce a system for
streaming over cellular networks, referred to as MTV. More
precisely, this system is based on the BitTorrent paradigm
and combines mobile networks with the WiFi-Direct commu-
nication technology. Its modus operandi is to form clusters
ofnodes (physically close to each other) that are concurrently
viewing the same video. Additionally, the MTV system not
only enhances download speeds and reduces data traffic but
also facilitates that nodes may dynamically join and leave the
network. Nonetheless, while showing numerous advantages
of the proposed system, such as improved speed, reduced
traffic, and dynamic adaptability, the experiments are con-
strained to scenarios with a limited number of nodes. This
limitation hinders the ability to draw more comprehensive
conclusions.

The authors in [Rethfeldt et al., 2018] introduce MeN-
Tor, a cross-layer protocol specifically designed for Wire-
less Mesh Networks (WMNs). The system is developed ac-
cording to three main aspects: (a) modifying BitTorrent’s
default peer-selection policy by incorporating the informa-
tion of 802.11s MAC-layer as well as prioritizing the Airtime
Link Metric (ALM) as selection criteria; (b) implementing
limitations on concurrent uploads per peer while disabling
uploads to random optimistic peers to reduce eventual wire-
less contention; and (c) deploying a so-called generous mode,
i.e., altering the peer-selection policy to additionally allow
the selection of neighbors with lower average upload rates.
Their system demonstrates appealing performance, as veri-
fied in real-world scenarios consisting of 25 nodes. How-
ever, the experiments do not take into account factors like
client mobility or interactivity.

Considering MANETs, Rodrigues [Rodrigues, 2018] cre-
ates the Minimum-Distance Indirect-Reciprocity Algorithm
(MDIRA), adhering to the layered-architecture protocol clas-
sification. The peer selection deploys several criteria, such as
geographical distance, upload rate, and indirect reciprocity,
while the piece-selection policy mainly employs a sliding-
window based approach. The experiments demonstrate an
interesting performance when compared to an idealized theo-
retical baseline. However, it is important to note that the sce-
narios simulated are limited to 25 nodes and a single model
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of mobility. In the same study, a variant is proposed, which
introduces data dispersion as a criterion in the peer-selection
policy. However, this addition proves to be ineffective due
to the increased computational overload.

In [Rodrigues and Rocha, 2019], we introduce two ap-
proaches for MANETs: the Application layer Interactive Bit-
Torrent Algorithm (AIBA) and the Network-layer Interac-
tive BitTorrent Algorithm (NIBA). The former belongs to the
layered-architecture protocol classification, whereas the lat-
ter lies within the cross-layer protocol classification. More
precisely, in AIBA, the peer-selection policy evaluates the
upload and download rates as key criteria. By its turn, NIBA
employs a peculiar peer-selection policy: the upload and
download rates are computed for neighbors given a speci-
fied number of hops in distance (or beyond). In both algo-
rithms, the piece-selection policy is founded on the concept
of a sliding window. The results suggest a slight superiority
for NIBA under a limited observation scope once the exper-
iments are confined to a small set of scenarios.

In [Rodrigues and Rocha, 2021], we further propose
another application-layer BitTorrent protocol aiming at
MANETs, denoted as Interactive BitTorrent - Application
(IB-A). In this proposal, we highlight the inclusion of the
indirect-reciprocity criterion in the peer-selection policy, and
the concept of the sliding window in the piece-selection pol-
icy. Both aspects of interactivity and mobility are exten-
sively explored in the experiments. This proposal may be
seen as an advancement of our two other proposals men-
tioned above, namely AIBA and NIBA [Rodrigues and
Rocha, 2019].

At last, the authors in [Ghani ef al., 2021], introduce the
Quality Adaptive Model (QAM) framework. This frame-
work is a fusion of the BitTorrent protocol with the IP Mul-
timedia Subsystem (IMS) plus a dynamic video streaming
strategy to enhance video transmission on 5G networks. The
IMS is employed for peer authentication and for notifying
other peers when there is a change in the IP address, using
for that the Service Initiation Protocol (SIP). The BitTorrent
protocol serves to grant authenticated peers to participate in
sharing a video, encoded with various Scalable Video Coding
(SVC) levels. To download a video piece, the peer analyzes
the necessary SVC level to improve the transfer. To deter-
mine the optimal SVC level, the peer takes various factors
into account, including device specifications (e.g., resolu-
tion), timing considerations (e.g., frame rate), quality-related
aspects (e.g., device capacity), and the peers’ capability of
providing the pieces. Experiment outcomes indicate that this
approach reduces the total download time, even under scenar-
ios with increased loss rates and high traffic congestion.

Despite both QAM and BitCover deploying the 5G tech-
nology and the BitTorrent protocol, there are advantages of
QAM when compared to BitCover and vice versa. Among
the advantages of QAM, we mention that the use of SVC can
reduce video discontinuities due to eventual bandwidth con-
straints. Besides, the use of IMS can reduce latency when
downloading pieces from closer neighbors. On the other
hand, among the advantages of BitCover, we can mention
the use of the concepts of sliding window and interior buffer,
which allow downloading pieces based on their ascending
order and availability, hence contributing to a smooth video
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playout. Furthermore, it is worth noting that the deploy-
ment of the piece-coverage criterion may increase the down-
load rate because of likely reusing ongoing connections with
neighbors. Finally, BitCover’s experiments have consid-
ered large files and high upload rates [Rocha and Rodrigues,
2023], leveraging the 5G full capacity, whereas those with
QAM have been related to small files and low upload rates,
i.e., 10 MB and 10 Mbps, respectively [Ghani et al., 2021].

Considering the studies above, which are compiled in Ta-
ble 2, besides what was explained in Section 2, we may see
that BitCover is a rather sophisticated algorithm that incor-
porates the key insights from the latest research in interac-
tive VoD streaming over 5G networks. It stands out for its
innovative combination of D2D communication, the effec-
tive replication strategy of BitTorrent, and the capabilities
offered by the 5G technology. From this, the key peculiar-
ity of this present work is that we now especially strive to
enhance BitCover’s performance by probing into new value
setups for its configuration parameters. Apart from this, we
notably bear in mind that there are also several works dedi-
cated to streaming over wireless mobile networks that do not
rely specifically on BitTorrent. So, for readers interested in
these kinds of proposals, we would recommend the works
of [Ben Rhaiem et al., 2016; Kavitha and Latha, 2016; Shah
etal.,2017; Abbasi and Elbiaze, 2018; Polakovic et al.,2018;
Fleury et al., 2019; Kim and Chung, 2020; Shrama et al.,
2020; Kumar et al., 2022; Palit et al., 2023; Aparicio et al.,
2023] and references therein.

4 Tuning experiments for parameter
configurations

This section presents the simulation experiments to deter-
mine near-ideal values for the following BitCover’s param-
eters: d;, IVp, and y. Recall that these parameters are defined
in Table 1. Furthermore, the goal and importance of each of
these parameters in the algorithm’s operation are explained in
Subsections 2.1 and 2.2. The experiments to follow encom-
pass the logical modeling of a VoD streaming system serving
n peers that want to watch the same video file, where each
peer stands for a system user.

For ease of understanding, this section is divided as fol-
lows. In Subsection 4.1, we explain the methodology we
used to obtain the near-ideal values, besides mentioning the
application domain dealt with in the experiments. Subsec-
tion 4.2 discusses peer’s mobility and interactivity profiles,
respectively. In Subsection 4.3, we present the experiment
setup. Finally, simulation results and corresponding analy-
ses constitute Subsection 4.4.

4.1 Methodology and application domain

The experiments are divided into three sets. Each set is de-
voted to one of the BitCover’s parameters for which we want
to determine a near-ideal value. To obtain a parameter’s near-
ideal value, we vary it within a certain range and assess the
performance metrics Rp, Tp, Og, and Op, which are de-
fined in Table 3. The value that best optimizes most of the
performance metrics is then chosen as the near-ideal one.
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Table 2. Synthesis of literature works.

References

Brief description

[Sbai et al., 2008; Krifa et al., 2009; Sbai
and Barakat, 2009; Salhi et al., 2009]

The authors introduce the BitHoc protocol and several extensions specifically
tailored to MANETSs. The works do take mobility into account to some extent
but do not offer support for interactivity.

[Quental and Gongalves, 2011]

The authors propose a Mobile-BitTorrent protocol for MANETSs. Implementa-
tion simplicity is the pivotal advantage. However, the experiments do not take
into account either interactivity or mobility.

[Casini et al., 2016; Jenkac et al., 2006; Le-
ung and Chan, 2007]

The authors present investigations regarding broadcast content dissemination.
These studies constitute solid baselines for the development of streaming pro-
tocols.

[Yang et al., 2017]

Based on BitTorrent, the authors introduce a streaming system named MTV,
designed for video sharing on cellular networks. The system leverages both
mobile networks and WiFi-Direct communication technology.

[Rethfeldt ez al., 2018]

The authors present MeNTor, a cross-layer protocol devoted to WMNs. Nei-
ther mobility nor interactivity is though considered in the experiments.

[Rodrigues, 2018]

The authors propose the Minimum-Distance Indirect-Reciprocity Algorithm
(MDIRA) which fits into the layered-architecture protocol classification. The
experiments indicate an attractive performance when contrasted with a theo-
retical baseline scheme.

[Rodrigues and Rocha, 2019]

Focusing on MANETS, we propose the Application-layer Interactive BitTor-
rent Algorithm (AIBA) and the Network-Layer Interactive BitTorrent Algo-
rithm (NIBA). The experiments include both client mobility and interactivity.

[Rodrigues and Rocha, 2021]

We propose another application-layer BitTorrent protocol aiming at MANETS,
denoted as Interactive BitTorrent - Application (IB-A). This proposal may be
seen as an advancement of our two aforementioned proposals, namely AIBA
and NIBA [Rodrigues and Rocha, 2019].

[Ghani et al., 2021]

Focusing on streaming over wireless mobile networks, this work proposes the
Quality Adaptive Model (QAM) framework, which employs a fusion of the Bit-
Torrent algorithm, the [P Multimedia Subsystem, and a dynamic video stream-
ing strategy.

[Ben Rhaiem et al., 2016; Kavitha and
Latha, 2016; Shah et al., 2017; Abbasi
and Elbiaze, 2018; Polakovi¢ et al., 2018;
Fleury et al., 2019; Kim and Chung, 2020;
Shrama et al., 2020; Kumar et al., 2022;
Palit et al., 2023; Aparicio et al., 2023]

These are works that do not use the BitTorrent paradigm for streaming videos
over wireless mobile networks. These works are mainly cited herein as refer-
ences for readers interested in other than BitTorrent-based solutions for stream-
ing services.

Moreover, we add that the experiments refer to streaming
scenarios within the online-learning domain, which is one
of the most relevant and popular application domains (e.g.,
[Tseng et al., 2023; Ng et al., 2023; Comsa et al., 2023]).

4.2 Mobility and interactivity

Steady-state analysis is conducted within a square cell site
spanning 400 meters on each side. In this cell site, n peers
move freely without encountering obstacles. These peers
follow a SMOOTH mobility model [Munjal et al., 2011],
whose peers’ initial positions and subsequent movement
traces are generated by the Bonnmotion tool [Aschenbruck
et al., 2010]. Handoffs, representing connection transfers be-
tween different mobile cells, are not taken into account in
this analysis. It is assumed that the value of n remains con-
stant: new peers replace departing ones, thereby ensuring a
consistent network size within the cell site.

The SMOOTH model replicates statistical characteristics
observed in real human mobility patterns, including: the dis-
tance a peer travels to visit a popular or the nearest venue,

which conforms to an inverse power-law distribution charac-
terized by the parameter «; the duration a peer spends waiting
in a venue, which adheres to a truncated power-law distribu-
tion with the parameter 3; and the phenomenon of commu-
nity formation, where groups of peers form clusters to emu-
late social interactions and human behavior.

Table 4 presents the main setup values for the SMOOTH
model. These values are used for the State Fair scenario (de-
fined in [Munjal ef al., 2011]) because of their resemblance
to both a real-world square area of a 5G cell site and the
distance-learning class simulated in this work. In these set-
tings, individuals typically gather round, occupying the same
physical space.

Regarding the interactivity profile of a peer, we utilize
a behavior model influenced by the research of [Abram-
Profeta and Shin, 1998; Rodrigues and Rocha, 2021]. The in-
teractive actions include Play, Pause, Jump Backwards (Jp),
and Jump Forwards (Jr). The Play action indicates that the
user is viewing the video. The Pause action means that the
playback has been temporarily halted. The Jp and Jp ac-
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Table 3. Performance metrics used for evaluation

It estimates the peer’s average rate (in kB/s) to receive video
pieces that may be visualized by it. The greater this value is,
the better the corresponding proposal is likely to be. This met-
ric is an adequate estimate to evaluate system QoS.

It estimates the peer’s total average interruption time (in sec-
onds) during the video playback. The smaller this value is, the
better the corresponding proposal is likely to be. This metric
is an adequate estimate to evaluate QoE.

It estimates the percentage of piece requests (over the total
piece requests of all peers) that are handled by the initial seed.
The smaller this value is, the better the corresponding proposal
is likely to be, since data traffic tends to be more uniformly dis-
tributed among mobile nodes.

It lies within the interval of 0.0 to 1.0. It is the ratio of the video
size in kilobytes to the total kilobytes transferred by the peer
(considering all protocol messages). The closer Op is to 0.0
(1.0), the more (less) overhead is generated by the protocol. In
other words, the closer Op is to 1.0, the better the correspond-
ing proposal is likely to be, since less overhead exists in the

Metric Notation | Description
Download Rate Rp
Discontinuity Time Tp
Initial Seed Overloading Os
Protocol Overhead Op
system.

Table 4. SMOOTH setup values.

Parameter | Value | Description
clusters 4 The quantity of clusters in the region
o 3 When @ — 0, the destination to explore is chosen at random. When
a — 00, the destination to explore is the nearest.
B8 1 When 3 — 0, peers linger for extended periods at a small number of
locations. When 8 — oo, peers linger for a short period at a small
number of locations.

tions represent skipping to a point in the video that is ahead
of or behind the current playback point, respectively.

Additionally, Play, Pause, Jp, and Jr are activated in ac-
cordance with a Poisson distribution of rate A, and with prob-
abilities Py, Pps, Pow, and py.,, respectively. Play, Pause,
Jp, and Jp own a common length S, computed as a percent-
age of the video file size, fs;,.. Table 5 lists the parameters
and values of the three interactivity profiles utilized in the
simulations, which are the same as used in [Rodrigues and
Rocha, 2021].

4.3 Experiment setup

The experiments are conducted within the PeerSim [Montre-
sor and Jelasity, 2009] simulation environment, using a hard-
ware platform consisting of an Intel Core i7 (2.6 GHz) pro-
cessor, 24 GB of RAM, and executing on a Linux operating
system.

The four performance metrics evaluated in the experi-
ments (namely Rp, Tp, Og, and O p) may together yield ev-
idence of system QoS and client QoE. The outcomes exhibit
95% confidence intervals that fall within 5% of the reported
average values, based on a total of 30 simulation executions.

To assess quality, we stipulate that Rp should match or

exceed the video encoding rate (i.e., it is assumed to be 20
Mbps as detailed further) to grant a satisfactory QoS [Wang
et al., 2008]. Regarding Tp, we set an upper limit of 5
ms of latency for each viewed piece to ensure a satisfactory
QoE [Soldani and Manzalini, 2015; Bhamidipati and Kilari,
2010], resulting in a total interruption time of nearly 10 sec-
onds. As for Og, we consider values under 3.4% as indica-
tive of satisfactory performance in P2P VoD server-assisted
scenarios [Gkortsilas et al., 2012; Braun ef al., 2019]. For
Op, we assume values above 0.39 [Legout ef al., 2005]. For
ease of reference, Table 6 recaps all these numerical values.

When establishing a WiFi-Direct connection, we utilize
the simulator defined in [Baresi et al., 2016]. The WiFi-
Direct simulator was integrated into PeerSim, serving as a
tool to retrieve the WiFi connection parameters and values
mentioned below. This simulator defines various parameters
for delays, as detailed in Table 7 [Baresi et al., 2016]. All of
these parameters are assigned constant values, with the ex-
ception of the channelDelay, which varies within the range
of 0-400 ms based on the physical distance [Schoonwinkel,
2016; Mbala et al., 2021]. As for losses, the simulator also
takes into account the physical distance and employs Friis’s
path loss formula to calculate the signal strength between two
endpoints. Hence, losses and delays mainly stem from fac-
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Table 5. Configuration values for interactivity profiles.

Parameter | Low Medium High

A 0.005/s 0.014/s 0.025/s

S 14.5% of fgize | 3.5% of fgize | 1.5% of fgize

Dpl; Pps 0.89; 0.01 0.71; 0.05 0.55;0.15

Dfws Pow | 0.05;0.05 0.12; 0.12 0.15;0.15

Jsize 10193 MB 10193 MB 10193 MB
tors such as physical distance, signal strength, and packet 4.4.1 Parameter J,

size [Baresi et al., 2016]. In the case of the 5G connection,
we only simulate delay and losses. For the delays, we ran-
domly select them from a range of 5 to 20 ms, along with an
average packet-loss rate of 4% [Xu et al., 2020; Narayanan
et al., 2020]. These values, defined at the application layer,
are assumed to encompass all the losses and delays that occur
in the transport and lower layers [Xu et al., 2020; Narayanan
et al., 2020].

At last, the video is encoded at a rate of 20 Mbps, which
aligns with the minimum bitrate required for transmitting
4k-resolution content at 60 fps (frames per second), in ac-
cordance with the recommendations from the YouTube sys-
tem [YouTube Help, 2021]. This video corresponds to a long
lecture spanning approximately 70 minutes (4175 seconds),
resulting in a total file size of 10193 MB. We adopt a video
piece size of 4 MB, as proposed by the works of [?Jones,
Ben, 2021]. Otherwise stated, the configuration setup for Bit-
Cover’s parameters in the experiments to follow may be seen
in Table 1.

4.4 Simulation results and analyses

The figures in this subsection depict the outcomes of the sim-
ulation experiments. The Y-axis corresponds to the metric
being analyzed. The X-axis has 15 bars put into three groups.
The first group relates to the low-interactivity profile, the sec-
ond group to the medium-interactivity profile, and the last
group to the high-interactivity profile. Furthermore, each bar
within each group stands for the network size (i.e., the num-
ber of peers the network has). More precisely, from left to
right, we have 100, 200, 300, 400, and 500 peers, respec-
tively.

We recall that the overall methodology to obtain the near-
ideal values for each parameter is to vary it within a certain
reasonable range to find out the one that best optimizes the
majority of the performance metrics. Besides, to help with
our intricate analysis which spans correlated variables, we
look into two separate views of potential impact on the deter-
mination of each parameter’s near-ideal value, namely net-
work size and interactivity profile.

Table 6. Baseline values.

Metric | Baseline

Rp above 20 Mbps
Tp below 10s

Og below 3.4%
Op above 0.39

For 4, varying from 8 to 160 seconds, Figures 3, 4, 5, and 6
depict the results computed for Rp, Tp, Og, and Op, re-
spectively. For instance, we may easily note in Figure 3 that:
(i) the larger the network size is, the larger the value of Rp
tends to be; (ii) the interactivity profile does not impact on
Rp; and (iii) the value ; = 10s optimizes the metric Rp,
independently of both network size and interactivity profile.

To summarize, Table 8 brings the main observations
achieved in the experiments for J;. From this, the general
conclusion is that d¢ should be set to 10 seconds once this
value may be used to optimize three performance metrics.
The only exception resides in Op because fewer messages
are sent as J; increases. Moreover, notice that 6t = 10s is
also the default value used for BitCover (original), as indi-
cated in Table 1.

4.4.2 Parameter N,

For N, varying from 60 to 160 peers, Figures 7, 8, 9, and
10 then depict the numerical results computed for Rp, Tp,
Og, and Op, respectively. For instance, we may note in Fig-
ure 7 that: (i) the network size generally does not impact on
Rp; (ii) the more interactivity, the larger the value of Rp;
and (iii) the value IV, = 80 peers maximizes the metric Rp,
independently of both network size and interactivity profile.
Concisely, Table 9 shows the main observations achieved
in the experiments for /V,,. From this, the general conclusion
is that IV}, should be set to 80 peers since this is the value that
best optimizes most of the performance metrics. As seen in
the metric d;, the only exception resides in O p. The rationale
lies in the fact that more messages are sent as [V, increases.
At last, N, = 80 peers (neighbors) is also the default value
used for BitCover (original), as it may be seen in Table 1.

4.4.3 Parameter y

For y varying from 3 to 15 slots, Figures 11, 12, 13, and 14
then depict the results computed for Rp, Tp, Og, and Op,
respectively. For instance, we may note in Figure 11 that:
(i) the larger the network size is, the larger the value of Rp
tends to be; (ii) the more interactivity, the larger the value of
Rp; and (iii) the value y = 9 slots maximizes the metric Rp,
independently of both network size and interactivity profile.

In a nutshell, Table 10 presents the main observations
achieved in the experiments for y. From this, the general
conclusion is that y should be set to nine slots. This value
is beyond twice the default value used for BitCover (origi-
nal). Even though there is a tie, the metrics Rp and Tp may
be fairly judged as more important than Og and Op. The
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Table 7. WiFi-Direct setup delays.

Parameter Duration (ms) | Description
channelDelay 400 Duration needed for sending a segment at MAC layer.
authenticationDelay 100 Duration required to authenticate an invitation.
power Delay 100 Duration when the peer goes into a sleep mode.
switchingDelay 500 Duration required to discover a channel.

Table 8. Analysis of d; - varying from 8 to 160 seconds.

Metric | Reference figures Network size Interactivity Near-ideal d;
Rp Figure 3 The larger the better Same 10s
Tp Figure 4 The larger the better Same 10s
Os Figure 5 The larger the better Same Any
Op Figure 6 The larger the worse | The more the worse 160s
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Figure 3. Rp for the analysis of 0.
Table 9. Analysis of IV, - varying from 60 peers to 160 peers.
Metric | Reference figures Network size Interactivity Near-ideal N,
Rp Figure 7 Same The more the better 80
Tp Figure 8 Same The more the better 80
Og Figure 9 The larger the better Same 60 or 80
Op Figure 10 The larger the worse | The more the worse 60

supportive reason is that, by definition, the two first metrics
notoriously play much more decisive roles in final system
performance due to being directly related to QoS and QoE,
respectively.

5 Competitive analysis

Let BitCover-OPT denote the original BitCover proposal
configured with the near-ideal values just determined in the
previous section, namely d; = 10's, IV,= 80 peers (neighbors),
and y = 9 slots. The goal of this section is to competitively

compare BitCover-OPT against the original BitCover, IB-A,
and MTV proposals through simulation experiments. For the
sake of proper organization, we opt to divide this section into
two subsections as follows. Subsection 5.1 briefly reviews
the crucial operational features and design of both IB-A and
MTYV proposals, and Subsection 5.2 presents and analyzes
the results of the simulation experiments.

5.1 Literature proposals: IB-A and MTV

IB-A and MTYV are BitTorrent-based proposals for interac-
tive streaming over wireless mobile networks. The former
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Table 10. Analysis of y - varying from 3 slots to 15 slots.
Metric | Reference figures Network size Interactivity Near-ideal y
Rp Figure 11 The larger the better | The more the better 9
Tp Figure 12 The larger the better | The more the better 9
Og Figure 13 The larger the better Same 3
Op Figure 14 The larger the worse | The more the worse 3
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(f) 160 peers.

is one of the most recent BitTorrent adaptation that targets
MANETs, whereas the latter deploys WiFi-Direct technol-
ogy and focuses on cellular networks.

Even though IB-A and MTV are not designed with an
original focus on 5G-technology architectures, we conjecture
they serve our goal of competitive comparison with BitCover
since they are recent efficient BitTorrent-based proposals de-
ployed on wireless mobile communications. See that IB-A
and MTYV are discussed in Section 3 and, for ease of refer-

ence, they are now summarized in Table 11, mainly to out-
line their corresponding operational features and design in
the experiments to follow.

5.2 Simulation experiments

We explain that, based on the figures to appear in the follow-
ing, we first carry out a qualitative competitive analysis in
which the main goal is to visually settle a qualitative perfor-
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mance rank among the four proposals (i.e., BitCover original,
BitCover-OPT, IB-A, and MTV), spanning the three interac-
tivity profiles for each of the four previously defined metrics.
Subsequently, we then proceed to a quantitative competitive
analysis in which the main goal is to numerically compute
the optimization achieved by BitCover-OPT (compared to
the other proposals) as well elucidate the corresponding ra-
tionale.

So, consider initially Figure 15. It brings the outcomes

for the Rp metric. From this figure, we have the two fol-
lowing overall observations. First, all proposals achieve Rp
above the 20 Mbps video-encoding rate baseline. Second,
BitCover-OPT performs the best among all four proposals,
independently of network size and interactivity profile, fol-
lowed by BitCover (original), IB-A, and MTV, respectively.

Now see Figure 16. It owns the outcomes for the Tp met-
ric. From this figure, we highlight the two following main
observations. First, BitCover (original and optimized ver-
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Figure 11. Rp for the analysis of y.

sions) are the only ones to own Tp below the 10-second
interruption-time baseline (see Table 6). Second, BitCover-
OPT performs the best, no matter the network size and inter-
activity profile, followed by BitCover (original), IB-A, and
MTYV, respectively.

At this time see Figure 17. It shows the outcomes for the
Og metric. To better visualize the differences among the
four proposals, we deliberately cut the Y-axis on the 6.0%

value once MTV responds to ~ 80% of the total piece re-
quests. From this figure, we may get to the two following
general observations. First, BitCover (original) and IB-A are
the only ones to achieve Og below the experiment baseline
of 3.4%, i.e., these are the two best proposals in terms of
the Og metric. Second, BitCover (original) performs best
among all proposals, followed by IB-A, BitCover-OPT, and
MTYV, respectively.
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Figure 13. Og for the analysis of y.

Now see Figure 18, in which we may note the outcomes
for the Op metric. From this figure, we can outline the fol-
lowing observations. First, the original BitCover and IB-A
are the only ones that achieve O p above the experiment base-
line of 0.39, i.e., they are the two best proposals in terms of
the O p metric, differing very little from each other. Second,
BitCover-OPT appears in third place, and MTV comes in the
last place.

Finally, for the quantitative competitive evaluation, we

mount Table 12. The values therein computed stand for av-
erage optimizations achieved by the BitCover-OPT with re-
spect to BitCover (original), IB-A, and MTYV, taking over the
three interactivity profiles. We clarify that positive numbers
refer to increases (gains), whereas negative numbers refer to
decreases (reductions). From this table along with the obser-
vations obtained from the figures just discussed above, we
may get to the following comparative concluding remarks.

i) Compared to BitCover (original)
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Figure 14. O p for the analysis of y.
Table 11. Main operational features and design.
Proposals Description
IB-A [Rodrigues and Rocha, + The focus is on MANETS, and it utilizes d¢ =100s to ensure the same
2021] peers’ connections in an extremely dynamic environment.

* The peer-selection approach it employs considers upload rate and indirect
reciprocity. Priority is given to peers which, on average, share a greater
number of pieces.

 The piece-selection approach incorporates a sliding window with an inte-
rior buffer, similar to what is used in BitCover. However, the video file is
not divided into partitions.

* The peers positioned between route endpoints retain pieces that pass
through them.

* For an adequate and fair competitive analysis in the experiments, we
model the Ad-Hoc routing delay/loss as the BitCover’s 5G delay/loss, as-
suming therein included all other delays and losses of below-application
layers (please see Subsection 4.3).

MTV [Yang et al., 2017] « The system relies on a video server to transmit the video via cellular links
to peers that are unable to obtain it from their neighbors through WiFi-
Direct connections.

+ The peer selection gives preference to peers with a higher number of down-
loaded pieces.

» The piece selection involves dividing the video into predefined partitions
and, subsequently, choosing any piece from a random partition.

* For an adequate and fair competitive analysis in the experiments, we
model its cellular delay/loss as the BitCover’s 5G delay/loss, assuming
therein included all other delays and losses of below-application layers
(please see Subsection 4.3).

BitCover-OPT is superior. Itincreases the valueof Rp (up  As a result, we achieve better levels of both system QoS and
to 16.7%) as well as reduces the value of Tp (up to 50.1%).  QOoE, respectively.
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The aforementioned superiority mostly reveals the im-
portance of adequately tuning the configuration parameters,
more especially increasing the number of data slots (i.e., set-
ting y to nine slots). We highlight that slot increments allow
BitCover-OPT to transfer more pieces, helping it to take ad-
vantage of the 5G bandwidth speed, thereby improving its
performance. Still, even though the two other remaining met-
rics (i.e., Og and Op) are not improved, they end up being
not that decisive to jeopardize performance due to the 5G
technological infrastructure’s native data transmission and
processing capacities.

ii) Compared to IB-A

BitCover-OPT is superior too. It is able to increase the
value of Rp (up to 46.9%) as well as reduce the value of Tp
(up to 88.2%), resulting in better levels of both system QoS
and QoE, respectively.

The above superiority mainly comes as a result of the im-
plementation of the piece-coverage criterion. It optimizes
the utilization of the communication channels while also pre-
venting the inefficient use of time in handling numerous com-
munication connections among peers. As also outlined in the
comparison with BitCover (original), the other two remain-
ing metrics (i.e., Og and O p) are not improved herein either.
This is due to the same reasons previously mentioned above.

We shall note that large values of J; are important for
BitTorrent-like protocols to guarantee long-life endpoints’
connections when operating in little dynamic scenarios (like
in MANETS), whereas large values of §; negatively impact
their performance in more dynamic scenarios (like in cel-
lular networks). The rationale mainly lies in the fact that
higher-upload-capacity peers are likely to get into the sys-
tem more frequently. Hence, these protocols had better trig-
ger the so-called unchocking process within narrower time
intervals (see Subsection 2.1).

iii) Compared to MTV

BitCover-OPT is also superior. The value of Rp is sig-
nificantly increased (up to 264.7%), and the value of T is
decreased (up to 98.5%). This implies that the levels of both
system QoS and QoE, respectively, are notably improved.

BitCover’s superiority in this case mainly comes as a re-
sult of its piece-retrieving policy, which follows a sequential
piece-request order. We recall that MTV’s piece-retrieving is
randomly executed, which may prevent a satisfactory smooth
video playout and, hence, yields low levels of QoS and QoE,
respectively.

Another supportive reason for BitCover-OPT’s superior
performance resides in MTV’s overloaded streaming server:
it is unable to cope with the substantial demand of requests
coming directly through the 5G network (nearly 80% of the
total requests, as assessed in [Rocha and Rodrigues, 2023]).
In BitCover-OPT, these requests are distributed among mul-
tiple peers. At last, unlike what was perceived in the com-
parisons against the two other proposals, BitCover-OPT now
beats its competitor (i.e., MTV) considering all metrics, ex-
cept in the case of the O p metric whose corresponding out-
comes remain almost the same for both algorithms.

Carlo Kleber da S. Rodrigues and Vladimir Rocha, 2024

6 Conclusions and future works

This paper had the goal of enhancing the BitCover algo-
rithm’s performance, which consists of a BitTorrent adap-
tation for VoD streaming over 5G cellular networks. Over-
all, BitCover mainly facilitates the exchange of video pieces
through both 5G and WiFi-Direct communication channels
while introducing a novel peer-selection policy. This policy
can enhance channel utilization by giving preference to peers
with a larger number of downloaded pieces stored in their lo-
cal buffers.

To achieve our goal we carried out extensive simulations
to determine near-ideal values for the parameter configura-
tion of BitCover. More precisely, we varied its main config-
uration parameters within a certain reasonable range, while
assessing four pivotal performance metrics. The value that
best optimized most of the performance metrics was then
chosen as the near-ideal one. The experiments were con-
ducted through simulations in various streaming scenarios,
encompassing different interactive profiles, network sizes,
and video sizes. Additionally, we competitively contrast
the optimized version of BitCover with other modern ap-
proaches, namely the IB-A and the MTV literature propos-
als.

Among the major findings, we may highlight that Bit-
Cover’s original performance is enhanced at about 16.7% in
terms of download rate, and at 50.1% in terms of disconti-
nuity time. Additionally, we had optimizations of around
46.9% (download rate) and 88.2% (discontinuity time) com-
pared to IB-A, and 264.7% (download rate) and 98.5% (dis-
continuity time) compared to MTV. The overall effective-
ness of the optimized version of BitCover is thus confirmed
by these results, implying that it owns the potential to signif-
icantly influence the optimization of bandwidth utilization
within a 5G cell site. In other words, BitCover does con-
tribute to unlocking the full capabilities of the 5G technol-
ogy in delivering video streaming with the desired system
QoS and QoE for end-users.

At last, we have in mind the following future direc-
tions for this work. First, to propose a generic parameter-
configuration model for the BitCover algorithm aiming at
its performance enhancement in other domains than online
learning, thereby broadening the scope and applicability of
our research. Second, to incorporate other competing traffic
(e.g., voice and data) in our experiments to analyze the sys-
tem congestion, as well as to improve the loss-channel model
(e.g., using Rayleigh loss). Third, to investigate and include
the process of peer handoff into our model, especially due to
the dense installation of base stations and the intricate inter-
actions between them and end-to-end network slices in Het-
erogencous Networks (HetNets) [Wu ef al., 2022; Ramadan
et al., 2021]. And fourth, to delve into strategies based on
mobile edge computing and caching techniques to combine
them with BitCover, including the proposal of parameterized
models for multimedia-content placement to alleviate data
traffic within the backhaul infrastructure of the radio access
network [Chen ef al., 2022; Pana et al., 2022; Li et al., 2022;
Lin et al., 2023].
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Table 12. Optimizations achieved by BitCover-OPT.

BitCover (Original) IB-A MTV

Min Max Min Max Min Max Metric
+11.4% +16.7% +33.3% +46.9% +144.1% +264.7% Rp
-25.1% -50.1% -789% -88.2% —96.2% -98.5% Tp
+40.1% +75.6% +302% +50.1% -95.1% -98.9% Og
-9.7% -1634% -13.1% -17.1% ~ 0% ~ 0% Op
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