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Abstract

Advances in video camera and wireless communication technology have enabled a variety of video applications over the
Internet. However, meeting these applications’ quality-of-service requirements poses significant challenges to the underlying
network and has attracted significant attention from the networking research community. In particular, wireless multipath
video transmission has been proposed as a viable alternative to deliver adequate performance to Internet video applica-
tions. This survey provides a thorough review of the current state-of-the-art in multipath video transmission focusing on
IoT applications. We introduce a taxonomy to classify existing approaches based on their application-specific mechanisms
(e.g., video coding techniques) as well as networking-specific techniques. In addition to describing existing approaches in
light of the proposed taxonomy, we also discuss directions for future work.

Keywords Wireless video transmission - Internet of things - Wireless multimedia sensor network - Multipath routing -

Video coding

1 Introduction

According to a recent report from Cisco [1], 82% of Internet
traffic will be video by 2022. This is up from 75% as of 2017
and this trend, which will likely continue, is likely a result
of ever-increasing availability of wireless communication
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infrastructure combined with the proliferation of end-user
devices equipped with low-cost, yet relatively powerful
video technology, which, in turn, has contributed to the
unprecedented growth of a variety of Internet and IoT video
applications and services. Such applications include on-
demand and live video streaming, monitoring and surveil-
lance, public safety, emergency, and law enforcement, to
name a few.

In addition to their high bandwidth demands, video appli-
cations also require more stringent quality-of-service guar-
antees from the network, such as bounded delay and delay
jitter to deliver adequate quality-of-experience to users.
Meeting such requirements becomes even more challenging
in wireless networking environments due their more limited
capacity and higher data loss and link failure probability [2].
To mitigate these challenges, approaches based on wireless
multipath video transmission have been proposed and have
been shown to deliver higher throughput, lower delay, as
well as improve network resource utilization through load
balancing across multiple paths [3]. However, there is no
current one-size-fits-all solution that can cater to the wide
variety of video applications. We argue that, as the number
and diversity of video applications increase and as wireless
networks become more heterogeneous incorporating leg-
acy—as well as new technology (e.g., 5G and beyond, IEEE
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802.11ac, etc.), it is imperative to gain a solid understanding
of the interplay between the characteristics and requirements
of video applications and the core functions and features of
the underlying network to adequately support existing and
emerging Internet and IoT video services.

To this end, in this work, we survey the state-of-the-art of
wireless multipath video transmission for IoT applications
focusing specifically on the interaction between the features
and requirements of different IoT video applications and the
underlying network. As described in more detail in Sect. 2,
existing surveys on wireless multipath video transmission
have not explored the relationship between the network and
its core functions and the wide range of IoT application
scenarios. Generally, they either focus on application or on
networking aspects.

The main contributions of our survey can be summarized
as follows:

e We identify the main classes of IoT video applications
and scenarios, their characteristics, and requirements.

e We propose a taxonomy that maps the design space of
wireless multipath video communication by exploring
the interplay between IoT application scenarios, their
features and requirements, and the core networking func-
tions, i.e., routing and forwarding.

e We use our taxonomy to classify and discuss a broad
range of existing wireless multipath video transmission
approaches for IoT applications as well as directions for
future research.

The rest of this paper is organized as follows: We first review
related surveys in Sect. 2 and discuss the main IoT applica-
tion scenarios in Sect. 3 to contextualizing the contributions
of our survey. Then, we propose in Sect. 4 a new component-
based taxonomy that allows us to organize the vast literature
on the general topic of wireless multipath video transmis-
sion focusing on Iot applications. Each component of the
proposed taxonomy is then described in detail as follows:
Sect. 5 focuses on video services; Sect. 6 on video coding;
Sects. 7 and 8 on multipath routing and forwarding, respec-
tively. Finally, Sect. 9 concludes the survey and discusses
open research issues.

2 Related surveys

Most surveys on wireless multipath video transmission
are dedicated to multipath routing protocols in Wireless
Multimedia Sensor Network(WMSN) [4-9]. In [7], several
protocols and multipath routing strategies are discussed.
It also identifies potential video transmission research
directions. The work in [8] analyzes and evaluates the

@ Springer

performance of several multipath routing protocols for
transmission of image, audio, and video in wireless net-
work. A general classification for the various approaches
adopted in multipath routing protocols has been proposed
in [9], where different routing metrics are also considered.

Multipath routing protocols for QoS assurance have
also been surveyed, including [4, 5]. The work in [4] dis-
cusses the issues that should be considered when develop-
ing efficient routing protocols to assure applications’ QoS.
It categorizes QoS routing protocols based on a number
of link/path cost metrics for the selection of the next for-
warding node or optimal path. It proposes a set of routing
metrics to be used jointly to find the cost of a link/path.
A comprehensive survey of both best-effort and real-time
multipath routing protocols for wireless video transmis-
sion is presented in [5]. It introduces a new taxonomy for
multipath routing protocols based on methods to improve
network capacity and resource utilization.

Given the diversity of multimedia applications, routing
protocols for video transmission should account for each
application’s specific requirements. To our knowledge,
there are only a few surveys that take this perspective.
A recent survey on wireless multipath routing for video
transmission applications was presented in [3]. It consid-
ers both application and network aspects and presents a
taxonomy from an end-to-end perspective. However, it
only considers multipath communication between mobile
devices equipped with multiple wireless network inter-
faces and focuses only on data plane issues, i.e., multipath
forwarding mechanisms, leaving out research that focuses
on control plane approaches.

Our survey provides a holistic view of wireless mul-
tipath video transmission with a focus on IoT applica-
tions. It proposes a taxonomy that considers the interplay
between core networking functions, notably routing and
forwarding, and the wide spectrum of IoT application sce-
narios and their requirements. Our hope is that our sur-
vey and its perspective on the design space of wireless
video communication for IoT applications will shed light
on open research questions and help guide future work to
address them.

3 loT video application scenarios

There is a wide variety of IoT applications that involve
video transmission. In this section, we discuss a number of
IoT scenarios and their specific features and requirements
regarding video transmission (Fig. 1). Table 1 lists common
IoT video applications, their networking requirements, and
references to prior work that focus on video transmission
in the context of these applications. Note that all references



Wireless multipath video transmission: when |oT video applications meet networking—a survey 833

N

Connected Health

5 45

Industrial loT

dd B

Smart City

S a?{fmgﬁ /

Fig. 1 Examples of IoT video application scenarios

mention reliability as one of the requirements for these
applications and several studies consider multipath routing
strategies as one of the best ways to achieve reliable video
delivery [10-19].

3.1 Connected health

Healthcare systems have been increasingly relying on video
for applications such as real-time diagnostics and real-time
patient monitoring [20], both in healthcare facilities or at
home. Additionally, video from patients can be stored for
offline analysis [21].

Telemedicine is another important application that allows
patients to be examined remotely by doctors (e.g., special-
ists) who may not be available where the patient resides. For
remote examination, data from other sensor such as body
temperature, blood pressure, and breathing activity can
also be examined [21]. Telemedicine applications typically
require real-time video transmission with low delay and high
bandwidth.

To support connected health services, IoT nodes are
deployed indoors (e.g., in hospitals, clinics, and patient
homes), and, as such, communication may be affected
by obstacles, walls, as well as interference from other
equipment.

Table 1 10T video applications and their QoS requirements

3.2 Industrial loT

In industrial applications, video can be used in the inspec-
tion and control of industrial equipment that requires high
accuracy, availability, and reliability to support high-preci-
sion manufacturing processes such as those used in semicon-
ductor chips, automobiles, food, or pharmaceutical products
[20].

In industrial IoT deployments, cameras are usually
installed at different points in industrial plants and may need
to operate under challenging conditions. Yet, they may be
required to meet stringent quality-of-service requirements
such as high bandwidth to deliver high video resolution, high
reliability, and low data transmission delay [23].

3.3 Smart city

One of the most common video applications in smart cit-
ies is security and surveillance of outdoor or indoor spaces
to control access to an area, detect unauthorized visitors,
among other purposes [24].

Large urban centers have been adopting camera networks
to help manage public transportation, traffic, road condi-
tions, and parking [2]. Video from multiple cameras can be
analyzed in real time or offline using computer vision tech-
niques to provide valuable information regarding peak hours,
traffic and road conditions/incidents, routes, and more [25].

Note that the network requirements vary with application-
specific requirements. For example, traffic management only
needs enough reliability to get details to distinguish vehicle
contours from the surrounding and track their movement.
On the other hand, person tracking applications require high
network throughput, because it depends on high-definition
video to enable identifying and tracking facial features [24].

Network nodes are usually deployed on poles on the
streets [2]. As in all urban environments, wireless communi-
cation in smart cities can suffer from large obstacles (such as
buildings), noise, and interference. Thus, the systems’ per-
formance is also highly dependent on the distribution of the
camera nodes, as well as the other aforementioned factors.

References IoT scenarios

Video application

Network requirements mentioned in references

[2, 17, 20-22]

[17,20, 21, 23]

[6, 17, 22, 24]

[22,25]

Connected health

Industrial IoT

Smart city

Environmental monitoring

Remote patient observation
Real-time examination
Process control systems
Product inspections

Person tracking

Vehicle traffic management
Forest monitoring

Natural disaster detection

Security, reliability

Throughput, delay, security, reliability
Delay, security, reliability
Throughput, delay, security, reliability
Throughput, delay, security, reliability
Security, reliability

Reliability, energy

Throughput, delay, reliability, energy

@ Springer



834

F. Bhering et al.

3.4 Environmental monitoring

Environmental monitoring is another important IoT appli-
cation domain which uses video as well as other types of
sensor data to monitor wildlife habitats, forests, and oceans.
Such deployments usually target remote, hard to access
locations [25] and therefore must be energy-efficient to
maximize their operational lifetime independent of human
intervention (e.g., battery replacement). In general, multiple
cameras are deployed in wide outdoor areas where long-
range communication may be needed [22].

In applications for disaster management, like wildfires,
floods, or landslides, in addition to reliability and energy
efficiency, low latency and high throughput are also required
for timely event detection and real-time event tracking [25].

4 Taxonomy

We propose a novel taxonomy that charts the design space of
wireless multipath video transmission systems by exploring
the interplay between IoT application features and require-
ments and core networking functions. As such, we exam-
ine how aspects specific to IoT video services influence the
design of core network protocols as well as how the under-
lying networking issues play a role in video transmission
application design. We then use our taxonomy to classify
existing approaches to wireless multipath video transmission
for IoT applications.

Examples of application-specific aspects for video trans-
mission include techniques that seek to improve coding
efficiency and mechanisms to enhance video compression
ratio. Key networking services include efficient routing and
forwarding, and reliable encoded/compressed video stream
transmission.

To better capture the close interaction between applica-
tion and networking factors specific to video transmission in
IoT scenarios, this survey opted for using unified modeling
language (UML [26]) notation to represent its taxonomy.
UML was proposed as a way to standardize how software
system design and development processes are represented
visually. While UML provides a wide range of representa-
tions and symbols, for our taxonomy, we use classes and
composition and specialization relations. Composition is
represented by a filled diamond and a solid line, indicating
that one class is composed of others. Specialization is rep-
resented by a hollow triangle close to the more generic class
in its connection with the more specialized classes.

Our taxonomy was created based on an extensive review
of the literature on IoT video transmission, in particular
wireless multipath approaches. As will become clear in the
remainder of this survey, not every work in the literature
tackles all components identified in the taxonomy. Indeed,
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several proposals focus on a single feature or on a subset
thereof. And in fact, one of the important takeaways from
our survey and taxonomy is what areas of wireless mul-
tipath video transmission targeting IoT applications can
benefit from further investigation. Figure 2 illustrates the
top layers of our taxonomy showing that existing wireless
multipath video transmission proposals typically consist of
application and networking components. In turn, the appli-
cation component may comprise video encoding techniques
and other video services, such as real-time or on-demand
video streaming. On the other hand, network aspects can
be divided into multipath routing and multipath forwarding
strategies.

4.1 Application aspects

The main application aspects identified in the multipath
video transmission literature focusing on IoT applications
were various video coding techniques as well as other video
services. Video coding includes video compression as well
as error correction techniques. Video services refer to the
types of video transmission supported by the application,
such as streaming (live or on-demand) as well as different
video processing services including computer vision algo-
rithms for target tracking, situation awareness, and multi-
camera coordination. As will become clear in this survey,
these application features and services can affect both the
quality of the video being transmitted as well as how the
video flow is transmitted through the network.

4.2 Network aspects

Network aspects underlying multipath video transmission for
IoT applications have attracted considerable attention from
the research community. Most of the work in the literature
focuses on multipath routing—i.e., finding multiple possi-
ble routes in the network from source to destination—and
forwarding—i.e., once multiple paths are found, how to for-
ward video traffic using these routes.

This survey, like most studies on wireless multipath
video transmission, is focused on the requirements of IoT

‘ Wireless Multipath Video Transmission

!

Application Aspects Network Aspects

‘ Video Coding ‘ Video Service

Multipath Routing

Multipath Forwarding

Fig.2 Wireless multipath video transmission taxonomy for IoT appli-
cations
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applications that need to transmit multimedia content with
a particular level of QoS [8].

Meeting the requirements of IoT applications is challeng-
ing due factors such as resource constraints at participating
nodes, e.g., limited processing storage, and communication
capabilities, as well as battery lifetime.

In video transmission, multipath routing is a fundamental
mechanism to determine the network paths that will be used
to send video traffic. For example, different routing metrics
have been explored with the goal of improving video trans-
mission quality [4]. Moreover, path quality also depends
on route discovery and selection mechanisms used by the
routing protocol. In this survey, we identify the main build-
ing blocks used by existing multipath routing approaches,
namely: Route Discovery and Maintenance, Routing Met-
rics, Multipath Selection, and Multipath Forwarding. We
should point out that, in most routing protocols, these com-
ponents are tightly coupled and their functions may overlap
with each other. As discussed in Sects. 7 and 8, conceptually
decoupling them facilitates the understanding of the state-of-
the-art in wireless multipath routing for video transmission
focusing on IoT applications.

Additionally, cross-layer approaches, which allow the
exchange of information across multiple protocol layers
to improve the performance of multipath video transmis-
sion, are also discussed. For instance, video frames can be

Video Service

i

Streaming Processing

Live Streaming | Target Tracking |

On-Demand | Situation Awareness |

Multi-Camera Coordination ‘

Fig.3 Video services commonly associated with multipath video
transmission

Table 2 Types of video services for wireless multipath video transmission

marked at the application layer according to their impor-
tance, allowing the network layer to distinguish them and
possibly forwarding them through different paths to improve
video delivery quality [27].

5 Video services

As illustrated in Fig. 3, we consider two different types of
video services, namely streaming and processing. Video
streaming refers to real-time video transmission where
video is transmitted without any processing other than video
encoding, while video processing provides additional ser-
vices to improve performance, increase energy efficiency,
or decrease bandwidth requirements.

Table 2 summarizes the main video service components
and their definitions as commonly found in the literature.

5.1 Video streaming

Video streaming is commonly used for both live transmis-
sion or on-demand services.

5.1.1 Live streaming

In the context of IoT applications, live video is a stream-
ing service in which source cameras capture live videos and
stream them to the destination in real time. In live streaming
applications, the destination is usually a monitoring center
where staff may need to watch videos in real time. Live
streaming is particularly challenging due to their stringent
delay and throughput requirements as packet retransmission
or buffering are typically not an option. Hence, a number of
approaches have been proposed to address live streaming’s
quality-of-service needs, which can be supported by mul-
tipath video transmission.

5.1.2 On-demand

On-demand video services allow users to watch a pre-
recorded video at a desired time. They are widely used

Video services Definitions References

Streaming
Live Cameras collect and transmit live video coverage of an event [12, 14, 15, 18, 19, 27, 27-54]
On-demand Video is stored so that it can be latter requested by users [10, 55-60]

Processing

Target tracking
Situation awareness

Multi-camera coordination

Recognition and tracking of people or objects
Aggregation of perception information to reduce data transmission

Coordination between neighboring cameras to share or fuse their videos

[16, 17, 25, 61, 62]
[8, 25, 61, 63, 64]
[65-67]

@ Springer



836

F. Bhering et al.

in a variety of domains such as video-analytics applica-
tions for public safety and traffic planning in smart cities.
In these applications, videos are captured and stored for
future on-demand viewing. The server where the video
is stored may also perform some processing to filter and
extract information about the scenes—for example, activ-
ity analysis. This processing, however, does not have the
same real-time constraints as those of live streaming,
such as a maximum end-to-end delay. In contrast to live
streaming, users can fast-forward, rewind, and playback
the video as many times as necessary. Therefore, buffer-
ing can be used more aggressively. Some notable efforts
that consider exclusively on-demand video transmission
include [10, 55-60].

5.2 Video processing

Video processing services are typically used by video
applications to reduce transmission of redundant informa-
tion, perform preliminary video processing such as com-
bining data originated from multiple views, on different
media, or with different resolutions, as well as filtering
and extracting semantically relevant information from the
environment. Additionally, video processing algorithms
can be performed by network nodes along the transmis-
sion paths. Figure 4 illustrates the main video processing
services identified in the literature.

5.2.1 Target tracking

Target tracking, which is the main focus of the work
reported in studies [16, 17, 25, 61, 62], aims to identify
a person or object in motion, enabling cameras to follow
the target. Access control and surveillance applications
as well as habitat monitoring is some of the applications
that employ target tracking.

Target tracking usually consists of three phases: tar-
get detection, recognition, and tracking. Detection refers
to identifying the presence of a new target whenever it

Fig.4 Different types of video
processing services

(a) Target Tracking

@ Springer

enters the monitored environment. Recognition is used
to determine if the object is of interest and whether fur-
ther processing is warranted. Finally, tracking consists of
enabling cameras to follow the target as it moves through
the environment.

5.2.2 Situation awareness

Many applications do not need raw video to be transmit-
ted all the time [63]. For example, in surveillance or event
tracking applications, as long as there are events detected,
video can be compressed to a simple scalar value or not be
transmitted altogether. In environmental monitoring appli-
cations, weather data can be used to enable video cameras,
as well as distributed filtering techniques can be applied to
create time-lapse images to produce some forecast patterns
that can anticipate future disasters [20].

These types of video processing rely on the perception of
certain elements in the environment to decide whether or not
to transmit raw video, snippets of the video, or simply a sca-
lar value. As such, they can dramatically reduce the amount
of data transmitted over the network, therefore optimizing
network resource utilization and energy efficiency.

SensEye [25] is a notable example of an approach that
uses a hierarchical architecture for energy-efficient event
tracking. They propose a two-tier camera deployment where
the bottom tier consists of low-power cameras which trigger
higher resolution cameras at the top tier in an on-demand
fashion. Another hierarchical deployment-based approach
for critical-event surveillance was proposed in [64] which
uses densely deployed low-cost audio sensor nodes as the
bottom tier, while the second tier is equipped with high-cost
sparsely deployed rotational video nodes. The first tier per-
forms the preliminary audio event detection task that sends
an alarm message to activate the rotational video nodes to
cover the event. Another example of a system that uses video
processing was proposed in [61] where a processing proxy
server analyzes all video flows and only alerts the monitor-
ing center if relevant events are detected.

(¢) Multi-Camera Coordination

(b) Situation Awareness
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5.2.3 Multi-camera coordination

This is a service typically used by applications such as sur-
veillance, target tracking, and control of automated systems
where multiple cameras fuse their videos. Natarajan et al.
[65] present a survey of various techniques for multi-camera
coordination and control that have been adopted in surveil-
lance systems.

Multi-camera coordination can also provide support to
free-viewpoint applications. Free-viewpoint video is a tech-
nology that enables 3D visualization of a scene by freely
changing the viewpoints. Liu et al. [66] proposed a system
for multipath transmission of free-viewpoint video with joint
recovery capability for both inter-view (left and right views)
and temporal description. The proposed approach correlates
viewpoint similarities from two nearby cameras. This tech-
nology enables motion parallax—a viewer’s head movement
triggers a corresponding shift in the viewing perspective of
the observed scene. Depending on the intermediate virtual
view currently requested by the client, texture and depth
maps from the two nearest camera viewpoints are encoded
for transmission.

A framework for transmitting real-time surveillance
video with a wide-viewing-angle and high resolution using
multi-cameras was proposed in [67]. They consider a video-
surveillance scenario in which the signals from two rotat-
able monitoring cameras can be combined to obtain a wider
viewing angle. A video mosaicing method is adopted to
merge the videos generated by the two cameras into one
seamless video, which is transferred to the destination in
real time.

5.3 Summary

Video processing services usually complement video
streaming services. In this section, we intended to identify
the video streaming and additional processing services indi-
cated for the proposed multipath video transmission found

in the literature. Table 3 summarizes the different video
streaming and video processing services found in the litera-
ture. We observe that while most studies focus mainly on
video streaming services, in particular live streaming, video
processing is also tackled by a significant number of refer-
ences. This observation indicates that one needs to consider
the type of video service used by IoT applications when
designing multipath video transmission because of their dif-
ferent quality-of-service requirements.

6 Video coding

As illustrated in Fig. 5, the main video coding techniques
explored in the literature are compression and error cor-
rection. Video coding technologies have been extensively
used as a way to increase video compression ratio as well
as improve the efficiency and visual video quality. Many

Video Coding

¢

Video Compression Error Correction

Fig.5 Classification of video coding techniques for multipath video
transmission

Table 3 State-of-the-art in

X X . References Video streaming Processing
video streaming and video
processing Live On-demand  Target tracking Situation Multi-camera
awareness  coordination

[12, 14, 15, 18, 19, 27, 27-54] v
[10, 37, 55-60, 68] v
[61] v v
[25] v v
[64] v v v
[17] v v v
[16, 62] v v
[63] v v v
[66, 67] v v
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studies explore video compression techniques that split the
video stream into sub-streams to transmit over different
paths. Some of them adopt error correction techniques to
provide greater reliability.

Video compression techniques fall into two basic types,
namely layered coding (LC) and multiple description cod-
ing (MDC). Both generate multiple sub-streams that can
be transmitted over multiple paths. In LC, the sub-streams
are mapped into layers where the base layer stream is the
most important and provides a basic quality level that can
be improved with additional enhancement layers. LC tech-
niques can be classified as single layer (SL) and scalable
video coding (SVC), where SL generates a single video
stream for transmission, while SVC encodes the video as a
set of hierarchically layered sub-streams. In MDC, all sub-
streams have equal importance, as different quality levels
can be obtained with different combinations of sub-streams.

Error correction techniques can be categorized according
to the roles performed by the encoder and decoder. In error
resilience (ER), the encoder adds redundancy to the video
streams, allowing certain levels of errors to be recovered
at the decoder. Error concealment (EC), on the other hand,
adds post-processing methods to the decoding process to
improve the perceived quality of the reproduced stream in
face of errors.

6.1 Video compression

Video compression techniques segment each frame into pro-
cessing units called macroblocks which are then compressed
to reduce the required bandwidth to transmit the video while
maintaining acceptable visual quality. Compression exploits
macroblocks’ spatial and temporal correlations as specified
by video coding standards.

For example, MPEG video compression [69] segments
the video sequence into groups of pictures (GOPs) that
determine the organization of frames. Each group includes
three types of frames: intra (I-frame), predictive (P-frame),
and bidirectional (B-frame). I-frames are compressed inde-
pendently and do not require additional information to be
reconstructed. They are used as references for forward and/
or backward prediction to decompress the P- and B-frames.

MPEG video compression standardizes decoder struc-
tures and bitrates to enable development of efficient encoding
algorithms. It supports a wide range of application-specific

Fig.6 Video compression
techniques

(a) Single Layer

@ Springer

parameters and provides a framework for extending layered
coding and multiple description coding as a way to support
emerging video applications.

The H.264/AVC advanced video coding standard has
been widely used by high-definition (HD) video applications
[18]. More recently, the H.265/HEVC high-efficiency video
coding standard has emerged to support ultra-high-definition
(UHD) video transmissions and provide less bitrate. While
more complex, H.265 results in almost 50% bandwidth
requirement reduction compared to H.264/AVC at the same
reproduction quality [68]. The main advantage of H.265/
HEVC is the use of more flexible macroblocks—fundamen-
tal unit of the video coding process, allowing encoding pre-
dictive macroblocks of different sizes.

Some early multipath video transmission approaches have
adopted the H.264/AVC and H.265/HEVC video coding
standards with SL techniques. However, more recent stud-
ies have proposed scalable extensions using SVC and MDC
techniques. These different approaches are discussed in more
detail below and are illustrated in Fig. 6.

6.1.1 Layered coding

LC has become part of the of established video compres-
sion standards [55, 70]. It provides layered embedded bit-
streams that are generated at different bitrates, encoding a
video sequence into multiple layers without compromising
video quality. Layered representations provide a convenient
way to perform rate control to mitigate network congestion
and can use single or scalable layers.

Single layer SL techniques perform video compres-
sion using only one layer. Approaches to multipath video
transmission with SL have adopted the H.264/AVC and
H.265/HEVC standards [10, 12, 15, 17, 18, 27, 28, 34-36,
61, 62, 71]. In general, the video is segmented into GOPs
which are encoded and transmitted on different paths. The
better paths—selected based on routing metric—are dedi-
cated to I-frames, since video decoding relies heavily on
I-frames and I-frames which require higher bandwidth than
P- and B-frames. P- and B-frames can be transmitted using
alternate, lower bandwidth paths. B-frames typically have
the lowest bandwidth requirement and B-frame encod-
ing requires the acquisition of the corresponding I-frame
or P-frame, which introduces delay. For this reason, some

! E
1
Encoder
. Decoder

(c) Multiple Description Coding

. é D D/Decoder

(b) scalable Video Coding
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proposals only use I-frame and P-frame encoding modes
[12,61].

Scalable video coding In SVC, the video streams are
divided into a base layer and one or more enhancement lay-
ers. SVC layers are hierarchical: a given layer cannot be
decoded unless all of its lower layers have been received
correctly. Enhancement layers complement the base layer
to improve visual quality in terms of temporal, spatial,
and SNR (signal-to-noise ratio) scalable modalities. The
MPEG standards include extension tools to support these
SVC modes. The scalable extensions for the H.264/AVC
and H.265/HEVC standards are called H.264/SVC (Scalable
Video Coding) and H.265/SHVC (Scalable High-definition
Video Coding), respectively.

Generally, multipath proposals based on H.264/SVC
transmit the base layer over the better paths and the enhance-
ment layers over the marginal paths [33, 37-39, 56, 59].
Furthermore, the H.265/SHVC encoding was adopted in [30,
31, 68] due to the better compression, reducing latency and
bitrate. With H.265/SHVC, the control of the bitrate of each
layer can be handled according to the the bandwidth avail-
able for each path.

SVC can be extended to address application-specific
requirements. As an example, a reference-frame-cache-based
surveillance video transmission system (RSVTS) was pro-
posed in [67]. It is an H.264/SVC extension which imple-
ments a method for merging multiple rotatable cameras to
deliver wide-viewing-angle and high-definition video. In
addition, it implements a reference frame cache on both
the sender and receiver sides to improve video quality by
increasing the probability to achieve adequate decoded video
quality. The scalable High-efficiency Inter-layer Prediction-
based Video coding (SHIPVC) was proposed in [45]. It
extends H.265/SHVC to implement two-layer predictions
such as texture color and motion with different quantization
parameters.

6.1.2 Multiple description coding

MDC has been proposed as an alternative to layered coding
for video streaming [55]. Each description alone can guar-
antee a basic level of reconstruction quality at the decoder,
while additional descriptions further improve quality.

The key idea of MDC is to partition the video stream into
two or more independently decodable and mutually refinable
descriptions. Several techniques to generate video descrip-
tions using MDC are discussed in [72]. The number of
descriptions can be defined according to application require-
ments, and the partitioning may be in the spatial or temporal
domains. In the spatial domain, the descriptions are gener-
ated by a process performed at the pixel level. In temporal
domain MDC, the descriptions are generated by a process

performed at the frame level. Each description’s individ-
ual packets can be transmitted separately through different
paths. If packets are lost, the video may still be successfully
decoded using packets carrying the other descriptions, albeit
with lower fidelity. As such, MDC provides a solution to
mitigate video quality degradation in the presence of packet
losses, bit errors, and burst errors during transmission [40].

The combination of MDC with multipath routing has
been proposed to reduce network congestion by exploring
path diversity to balance traffic load [29, 40-43, 60, 63,
73]. Some studies propose to classify descriptions to define
packet priorities and thus improve MDC video streaming
robustness [32, 42].

A texture-plus-depth format of free-viewpoint video was
proposed in [66]. It employs MDC with H.264/AVC for
a multi-view representation where multiple texture maps
from closely spaced capturing cameras are encoded into
one bit-stream.

One way to generate MDC is to explore the GOP or mac-
roblock structure of MPEG video coding standards. In this
context, studies suggest the flexible macroblock ordering
(FMO) of the H.264/AVC standard as more appropriate [41,
44, 66]. FMO refers to rearranging macroblocks in groups
where each group is a description of the video according to
specific standards.

Hybrid approaches combining the advantages of both
SVC and MDC techniques have also been proposed [14, 44,
46]. In these approaches, the descriptions of each layer are
generated in the FMO format. Then, macroblocks of each
layer are sent over disjoint paths.

Video coding can also also generate variable bitrate dur-
ing packet forwarding to maintain the quality of video trans-
mission when facing limited available bandwidth. In this
way, some studies have proposed adaptive video coding to
reduce the number of video frames or number of enhance-
ment layers to reduce the required bitrate. Cross-layered
designs have been proposed to control the bitrate [35-37,
68]. In these designs, each layer of an encoded video stream
is handled according to the status of the available bandwidth.
In [59], the available bandwidth of the different paths is esti-
mated to determine the number of enhancement layers and
select optimal paths to transmit each layer.

In adaptive video coding forwarding, video packets are
encoded at the source node, but intermediate nodes can
re-encode them before forwarding. This type of coding
presented in [33] is called intra-session network coding or
transcoding and can adapt to the available network band-
width and improve video streaming quality.
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6.2 Error correction techniques

Error correction techniques have been proposed for mul-
tipath video transmission to mitigate the effect of packet
losses due to network congestion and transmission errors
and thus limit their impact of video distortion and video
quality deterioration. Typically, error correction techniques
are integrated into video compression to improve the reli-
ability and robustness of video decoding. In the specific
case of multipath video transmission, the main techniques
adopted in prior work are error resilience (ER) and error
concealment (EC).

6.2.1 Error resilience

Error resilience techniques aim to minimize the transmission
errors’ impact upon video decoding. ER can be combined
with layered coding techniques. For example, it can set opti-
mal video compression parameters in SL to generate packet
flows that respect the capacities of the network. Recommen-
dations for setting the coding parameters can be provided
by the physical layer and sent from destination to source.
This way, each source node can adopt different parameter
settings according to the channel state, such as link reli-
ability and stability. Thus, some studies have proposed that
the destination periodically sends the recommended video
compression parameters after analyzing the video received
during the previous period in different states of the wireless
channel [35, 36].

In ER, the encoder also adds redundant packets at the
transmission source to enable error detection and correction.
This well-known technique is also known as forward error
correction (FEC).

An overview of ER techniques for scalable video coding
(SVC) referred to as inter-layer FEC is presented in [70].
Most approaches combine ER with video compression to
protect the base layer using the enhancement layers [33,
44]. In [44], the base layer is duplicated and transmitted
as redundant packets over different paths. In [33], packets
with the highest priority (e.g., I-frames) are re-encoded with
redundant data during generation.

ER can also be combined with multiple description cod-
ing (MDC) [48, 60, 66]. In [66], redundant packets are gen-
erated for all MDC descriptions. The work reported in [48]
proposes adaptive ER algorithms that dynamically generate
redundant packets based on current network conditions.

6.2.2 Error concealment
In error concealment techniques, the decoder tries to com-

pensate for missing information, so that the visual quality of
the reproduced video is not severely compromised. EC can
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exploit spatial and temporal redundancy in video compres-
sion to recover from network losses.

A survey of EC techniques applied to layered coding (LC)
[74] grouped existing approaches into intra-layer EC and
inter-layer EC. Intra-layer EC explores the spatial domain
based on pixel, using either texture features or edge/object-
shape information to conceal lost frames. Inter-layer EC uses
temporal information to estimate the lost motion vectors,
which are used to recover damaged macroblocks by consid-
ering a reference frame. Usually, only one of those methods
is suitable for whole-frame, although it is possible to use
both or different method for each macroblock.

When SVC is used for coding, it can improve the EC by
exploiting the similarity among the layers. In this approach
when a macroblock, slice, or a frame of the enhancement
layer is lost, the corresponding part of the frame in the base
layer can be used to conceal the lost data [44].

In [68], a cross-layer framework for video streaming with
inter-layer EC was proposed. It applies EC based on feed-
back messages aiming to improve the end-to-end QoS and to
provide smooth video streaming. If some video frames are
missing, then an SVC with EC scheme is used to estimate
and recover the missing video frames. This scheme is exe-
cuted on the base layer to maintain a minimum level of QoE.

Another inter-layer EC method is proposed in [45]. Miss-
ing video frames are identified based on the sequence num-
ber in the packet header information. The missing frames
are concealed by computing a motion vector extrapolation
based on two consecutively received frames.

6.3 Summary

Table 4 summarizes the different video coding techniques
discussed in this section. There are basically two types of
video compression techniques—multiple description and
layered video coding; both of them encode a video sequence
in a way that multiple levels of quality can be obtained
depending on the parts that are received. In LC, although
many studies adopt only a single layer, SVC has been widely
used offering special protection for the base layer. MDC has
been explored considering the diversity of systems where
each description has an equal probability of decoding. In
addition, some studies have proposed a combination of MDC
and SVC.

While EC techniques can improve video coding robust-
ness, they can also increase video compression complexity,
generate additional data (increasing bandwidth requirements
for video transmission), worsen network congestion, and
increase processing delays [68]. Thus, while the literature
has contemplated different combinations of compression and
error correction techniques, there are still many challenges to
be addressed in the context of multipath video transmission.
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Table 4 Summary of prior work

. . . . References Video compression Error correc-
using video coding techniques tion
classified as video compression
and error correction SL SvC MDC Standard ER EC

[10, 12, 15, 17, 18, 27, v H.264/AVC
28,34, 61, 62]
[35, 36] v H.264/AVC v
[37-39, 56, 57, 59] v H.264/SVC
[33] v H.264/SVC v
[30, 31, 68] v H.265/SHVC v
[29, 41, 43,71] v H.263-
[40, 42, 47, 63, 66] v H.264/AVC
[48, 60] 4 H.264/AVC v
[32] v H.264/SVC
[14] v v H.264/SVC
[44, 46] v v H.264/SVC v v
[67] v H.264/RSVTS
[45] v H.265/SHIPVC v
7 Multipath routing
Multipath Routing
Multipath routing protocols for wireless video transmission ¢
are surveyed in [5, 6, 8, 9]. They are classified based on | |
the reliability requirement and QoS constraints of multime- . . ) . .
. L . ) Route Discovery Routing Metric Multipath Selection
dia applications. Reliability has emerged as an important

aspect of multipath routing protocols motivated by various
multimedia applications, notably services that require reli-
able monitoring. Existing multipath routing protocols that
seek to satisfy reliability requirements include multipath
multi-SPEED (MMSPEED) [11], reliable information
forwarding multiple paths (RelnForM) [13], and network
coding-reliable multipath routing (NC-RMR) [75], while
the main protocols that satisfy multipath QoS constraints
are sequential assignment routing (SAR) [76] and stateless
protocol for real-time communications in sensor networks,
called SPEED [77].

More recent studies propose extensions to traditional
wireless ad hoc routing approaches that incorporate mul-
tipath mechanisms for video transmission [14, 18, 39, 47,
63].

Considering the state-of-the-art in multipath routing for
wireless video transmission, we classify multipath routing
protocols based on their fundamental building blocks, which
include their route discovery mechanism, routing metric(s),
and path selection strategy. It is worth noting that, in most
existing routing protocols, these basic functions are usually
intertwined and not easily decoupled. One of the goals of
our classification is to disentangle them to better understand
the fundamental differences between proposed existing rout-
ing approaches and how they can be improved. Figure 7
illustrates the proposed classification of multipath routing

Disjoint Paths
Partially Disjoint

Multi-Interface

Fig.7 Multipath routing classification for wireless video transmission
in IoT scenarios

building blocks for wireless video transmission aiming at
IoT applications.

7.1 Route discovery

Route discovery is the first phase of the routing protocol
in which a source node tries to find the available paths
to a specific destination. In this procedure, each node
performs neighbor discovery by exchanging control mes-
sages between them. In the same way, nodes also per-
form the route maintenance by identifying broken paths
that have been found. Our literature survey indicates that
existing multipath routing approaches have not proposed
novel route discovery and maintenance mechanisms, in
particular techniques that consider application-specific
requirements for multipath video transmission. In general,
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variants of traditional routing protocols have been adapted
to provide routing over multiple paths.

Route discovery mechanisms are traditionally classified
as reactive, proactive, or hybrid. In this survey, we also
consider controller-based approaches in which a control-
ler provides core networking functions, including route
discovery. These approaches were inspired and motivated
by the software-defined networking (SDN) paradigm [28,
30, 31, 49].

7.1.1 Proactive

In proactive routing approaches, routes for every destination
are proactively discovered based on table driven, so that,
when a source has data to send to a destination, a route has
already been discovered. As such, routes are periodically
updated, e.g., by periodically updating routing tables in each
node. Topology updates are usually gathered by means of
control messages exchanged periodically between nodes.
The bandwidth overhead generated by topology updates
can be reduced in application scenarios that consider fixed
monitoring cameras, because topology changes are less fre-
quently. For example, in video-surveillance applications,
nodes are typically stationary and powered by continuous
power sources. Therefore, video-surveillance applications
have used proactive routing approaches, since they yield
reduced packet delays [61].

Some studies proposed proactive multipath routing to
improve QoS for video applications [14, 18, 29, 41]. A mul-
tipath extension to traditional destination sequenced distance
vector (DSDV) is evaluated in [14]. In DSDV, each node
maintains a routing table listing all the other nodes they have
known either directly or through some neighbors. The pro-
posal extends DSDV by adding new routing table fields to
store information about multiple disjoint paths. This mecha-
nism demonstrated good performance for video transmission
in terms of loss rate and network load for large networks.

Based on the original optimized link state routing (OLSR)
protocol, a QoS multipath routing approach for wireless
video transmission was proposed in [18]. OLSR consti-
tutes a more organized and efficient way to manage routes
between nodes, and it performs a shortest path algorithm
(e.g., Dijkstra) in its complete view of the topology. This
extension modifies OLSR’s route discovery to estimate link
delay between nodes and then performs a multipath Dijkstra
algorithm using delay—instead of hop count—to calculate
multiple shortest paths.

7.1.2 Reactive

In reactive routing approaches, route discovery is triggered
on-demand when a source has data to send, in this case,
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when the source wants to start video transmission. Typi-
cally, if the source does not have route information for the
intended destination in its local routing table, it initiates the
route discovery mechanism by sending out special messages,
usually referred to as “route requests”. Existing multipath
video transmission approaches that use reactive routing have
adopted extensions to traditional single path using source
routing algorithms or routing tables, such as dynamic source
routing (DSR) [78] and ad hoc on-demand distance vector
(AODV) [79], seeking to improve video transmission QoS.

In source routing, the entire path from source to des-
tination is maintained at the source node, who includes
path information in the data packet headers. Despite higher
header overhead, this mechanism allows each source node
to select and control the routes used in forwarding its pack-
ets. An evaluation of a QoS-aware multipath extension to
the DSR protocol, presented in [63], shows good through-
put performance for high data rate video traffic. Also,
based on DSR, an adaptive-multipath protocol is pro-
posed in [71]. It aims to improve end-to-end performance
of video services providing dynamic self-configuration
depending on the state of the network, which is used by
the source nodes to make proper multipath selection. In the
same way, [12] proposes a path selection mechanism for
the split multipath routing (SMR) source routing protocol,
reducing the frequency of route discovery processes and
control message overhead.

In routing table-based approaches, nodes maintain a rout-
ing table with the next hop to the destination. Most studies
focusing on multipath video transmission adopt the ad hoc
on-demand multiple path distance vector (AOMDV) rout-
ing algorithm [15, 35, 36, 39, 42, 47]. It is an extension of
the traditional AOMDYV [80] protocol for finding multiple,
loop-free and link-disjoint paths.

There are other AOMDV extensions proposed for video
transmission. One of these extensions is evaluated in [63]
and incorporates a multi-criteria decision approach which is
shown to outperform video transmission using the original
AOMDV in terms of throughput, delay, and reliable delivery.

Another multipath variant of AODV that aims at improv-
ing video transmission QoS is evaluated in [14]. It demon-
strates the advantages of reactive routing for video transmis-
sion in terms of throughput and network load in scenarios
subject to high mobility.

7.1.3 Hybrid

Hybrid route discovery tries to combine the advantages
of both proactive and reactive routing. A hybrid real-time
video stream routing protocol is proposed in [17]. It divides
the complete network into corona with the data sink in
the center. Proactive route discovery maintains a corona
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identification for each candidate node based on its distance
to the sink, and then, a reactive mechanism computes hop-
by-hop the optimal forwarding choice from a source that
has high corona identification to zero corona that is the sink
node.

Motivated by achieving adequate balance between scal-
ability and efficiency, in [16, 51, 53, 54], a proactive mecha-
nism periodically assigns the node geographic location to its
directly connected neighbors, and then, each node decides
on-demand which paths should be considered when forward-
ing packets.

7.1.4 Controller-based

Software defined networking (SDN) [81] has been proposed
with the goal to decouple the network control plane from the
data plane. According to the SDN paradigm, a controller
centralizes routing decisions, while network nodes perform
only forwarding. Several studies for multipath video trans-
mission follow this paradigm, centralizing route informa-
tion at the controller which then computes routes and adds
corresponding routing information to routing tables at the
forwarding network elements. As the controller has a global
view of the network topology and conditions, routing deci-
sions can be simplified. In the context of multipath video
transmission, there are proposals where links that do not
have enough bandwidth for real-time video streams are not
considered when computing routes [28], as well as efforts
that periodically monitor the quality of links for video
streaming [49].

In [30, 31], an approach that combines controller assis-
tance and source routing is used for multipath video trans-
mission in SDN-based networks. This approach implements
a source routing using segment routing paradigm which the
source chooses a path and encodes it in the packet header as
an ordered list of segments. It increases routing efficiency by
improving the capability of selecting paths and thus speeds
up video transmission.

While video transmission approaches that leverage con-
troller assistance in SDN-based networks can benefit from
SDN’s network control flexibility and efficiency, there are
still open issues on how route discovery should be designed
to consider the interplay with video applications.

7.2 Routing metric

Routing metrics adopted for multipath selection are essential
to improve video transmission. Our taxonomy considers the
most commonly found metrics for multipath video trans-
mission. However, these classes are not mutually exclusive,
since several studies integrate multiple metrics into a single
solution. These metrics are described as follows.

7.2.1 Quality-of-service

This is the main routing metric adopted in almost all mul-
tipath video transmission proposals due to the video stream-
ing constraints. There are different QoS measures concern-
ing aspects of delay, throughput, and packet loss associated
with application requirements. As such, some studies [19,
27] have presented metrics that try to balance several QoS
parameters seeking high throughput, low delay, and proper
packet delivery. On the other hand, some studies have con-
sidered the hop count and geographic distance as factors
strongly correlated to QoS [45, 50, 51].

End-to-end delay is also usually adopted, because the
delay constraint is precisely necessary for critical IoT video
applications, as is the case of health and surveillance sys-
tems. In [12, 18, 43], end-to-end delay paths are simply
measured by the sum of hop delays, without considering
other factors such as link congestion that comes from mul-
tiple video sources.

Although QoS is the main metric used in studies for
multipath video transmission, care has to be taken as opti-
mizing one QoS metric can compromise performance in
other aspects. For instance, minimizing end-to-end delay
may require consuming more energy due to the increase of
transmitted power.

7.2.2 Quality of experience

This is a metric adopted to evaluate and present subjec-
tive study results. However, some studies have also used
QoE estimates based on QoS parameters as routing metrics
[30, 31, 37, 38, 40, 68]. Hence, these studies present a QoE
model to estimate the mean opinion score (MOS) consid-
ering the bitrate of the transmitted video and other QoS
parameters. MOS is an indicator of QoE that can be used to
assess video quality, which is divided into five levels cor-
responding to the users’ perception. In this case, QoE-based
protocols seek to maximize the MOS. It is a great routing
metric for multipath video transmission, but it requires a
lot of resources and cannot be obtained automatically [38].

To achieve perceptual quality evaluation in real time,
some studies have adopted the pseudo-subjective quality
assessment (PSQA), which is a tool based on statistical
learning using random neural network (RNN) [40]. The
idea is to train the RNN to learn the mapping between QoE
scores and QoS parameters. In this case, the route discovery
and the multipath selection mechanisms can be aware of any
episodes of QoE degradation.

7.2.3 Geographical

In these approaches, the video source maintains geographi-
cal information about its neighbors and the destination to
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select the best relays. Based on the geographical distances
between each possible next-hop and the destination node,
they perform an efficient route selection [51-54, 62, 68].
Implicitly, they assume that the Euclidian distance between
nodes is a good indicator of energy-efficient paths with good
QoS. However, we cannot assume this for IoT application
scenarios, especially the smart cities scenario where there
are large communication blocking obstacles such as walls
or buildings.

To optimize QoS with the minimum geographic distance
transmission over the network, a multipath genetic algorithm
is proposed in [45]. It seeks to maximize fault tolerance with
minimum communication delay during video transmission.
The fault tolerance of the path is estimated by the links’
quality estimation and neighbor distance. The geographical
metric associated with fault tolerance showed improvement
with different strategies of video coding and multipath rout-
ing. Although the authors affirm that it can be adjusted for
a variety of related applications, they also do not consider
obstacles in these application scenarios.

To provide delay and energy balance in video transmis-
sion, Hossain et al. [50] propose a multipath routing genera-
tion algorithm based on geographical information. It defines
a model on the basis of traditional spline path generation
planning to generate a set of paths uniformly distributed in
multiple spaces between source and destination nodes. In
fact, the algorithm generates paths with lower interference
which is uniformly distributed. However, it depends on a
highly dense network in addition to not being designed for
multiple video sources.

7.2.4 Energy efficient

This routing metric is essential in IoT application scenarios
where nodes are battery-powered. In this context, some
studies have proposed this routing metric which aims to
minimize the energy consumption of each node [15, 17, 35,
36]. They have recommended that a cost function consid-
ers the remaining energy to dynamically choose the video
transmission power—and consequently, the communica-
tion range—of each node to maximize the network lifetime.
Besides these, some studies have proposed a model to esti-
mate the energy consumption on the basis of geographi-
cal distance [27, 45, 52-54, 64]. In [64], this is combined
with an event detection approach where a minimum number
of nodes remain awaken for transmission according to the
event, while others get to sleep to maximize energy effi-
ciency. These models aim to minimize energy without con-
sidering video application requirements, such as end-to-end
delay. The balance between energy and delay, for example, is
fundamental for multipath video transmission [50].

Other studies attempt to balance energy usage of all nodes
[16, 50]. They use the end-to-end delay required by video
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applications in their models. As these energy consumption
models are based on simple geographical distance, they are
also not indicated for IoT application scenarios, as men-
tioned before.

7.2.5 Interference

Video transmission may be degraded by the interference
caused by network flows that share the same nodes or links.
Node-disjoint multipath selection mechanisms are used as
a simple solution in [17, 27], but they have topological con-
straints that may not be met in all IoT application scenarios.
As an alternative, some proposals relax those constraints by
allowing partially disjoint paths with low levels of interfer-
ence [41, 51, 53, 54, 62]. To this end, they estimate interfer-
ence levels based on the link quality indicator (LQI), signal-
to-noise ratio (SNR), or simply the distance between nodes.

A multicommodity network flows model which considers
inter-flow interference is adopted in [37, 38, 82]. Based on
this model, the optimization problem to maximize the qual-
ity of paths is formulated as a mixed-integer linear problem
under link capacity constraint. The link capacity constraint
is defined to optimize the amount of video flows over links;
however, it assumes flows with the same destination as only
one commodity, regardless of their sources.

Another interference metric that aims to maximize the
aggregated network throughput considering inter-flow inter-
ference is proposed in [73]. It is implemented using the algo-
rithmic framework for throughput estimator (AFTER) [83],
an on-the-fly algorithm for real-time throughput estimate
that considers a global view of the network. In this case,
it proposes a multipath selection mechanism for wireless
video-surveillance systems assuming flows between multiple
sources and a destination.

7.3 Multipath selection

A multipath selection mechanism is used for choosing the
best paths among the discovered routes. While the route dis-
covery process finds possibly all available paths between
source and destination, route selection chooses a subset of
those to construct a multipath route.

In proactive route discovery, just one additional multipath
selection mechanism must be added to the processing of
routing update messages to obtain other possible paths at
each node. In reactive route discovery, a multipath selection
mechanism must be added to collect and store more than
one path between the source and the destination. For this,
it usually does not discard the duplicate of received route
messages at a node to find additional paths.

In general, approaches found in the literature have consid-
ered the disjoint and partially disjoint paths techniques for
multipath selection. Furthermore, other proposals assume
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that each node possesses multiple radio interfaces—often
of different technologies—each of which provides a feasible
path to the destination.

7.3.1 Disjoint paths

This technique is prevalent in the literature, because of the
independence and resilience of the paths it discovers. Two
paths are said to be disjoint if they have no nodes or links
in common. Several studies assume that there are multiple
node-disjoint paths available between each pair of nodes [12,
16, 19, 37, 41, 44, 50-54, 62, 68]. The existence of node-
disjoint paths, however, is topology-dependent and, thus,
such paths may not exist in all cases. Because of that, some
studies have considered link-disjoint paths [12, 18], which
are more likely to occur. Disjoint paths may be less affected
by interference, but that does not necessarily guarantee opti-
mality of the path selection in terms of other performance
criteria.

7.3.2 Partially disjoint paths

Path diversity can be explored if the concept of disjoint-
ness is made flexible by considering partially disjoint paths.
Therefore, this technique is proposed in several studies
[17, 38, 43, 45, 64] motivated by the fact that even link-
disjoint paths may be unavailable when nodes are deployed
randomly. Furthermore, it can optimize multipath selection
evaluating all available paths according to routing metrics,
without the strict disjointedness constraint. [27, 29, 49].
Another approach of partially disjoint paths is the idea of
braided paths, where intermediate nodes process the traffic
to select the next nodes that create better multipath [75]. It
uses the disjoint paths technique to build actual paths, which
are called main paths. Some braided paths on each main path
are built according to a braided multipath algorithm.

7.3.3 Multi-interface

Another approach to multipath transmission is to use multi-
ple radio interfaces such as cellular and Wi-Fi networks. It
can simplify the multipath selection mechanism by requiring
just evaluating the interfaces that meet the routing metrics
to select the better paths. For this, the studies [10, 30, 31,
34, 48, 56, 57] have proposed the use of the multipath TCP
(MPTCP [84]) transport protocol. MPTCP provides support
for simultaneous multipath transmission, multiplexing the
data transmitted by each one. Thus, a multipath selection
mechanism can be implemented to evaluate the paths of each
radio interface and then perform multipath allocations to
the video sub-streams. However, it only seems suitable for
scenarios with client—server communication in fixed topolo-
gies. In addition, for live streaming services, it is necessary

to evaluate the path asymmetry in different access networks
and the disadvantages of the data retransmission mechanism
in MPTCP.

7.4 Summary

The literature has contemplated several multipath routing
mechanisms, spanning different aspects of routing. How-
ever, no consensus solution has emerged thus far, as multiple
issues remain open. Table 5 summarizes the different mul-
tipath routing proposals found on the literature according to
the three components discussed in this section: route dis-
covery mechanism, routing metric, and multipath selection.

8 Multipath forwarding

A multipath forwarding mechanism determines the packet
forwarding strategy of the video streams over the multiple
paths selected by routing. At the most basic level, strategies
can be divided into concurrent and alternative multipath
forwarding, as illustrated in Fig. 8. Within those categories,
however, proposals found in the literature can differ quite a
bit, originating several specializations.

8.1 Concurrent multipath forwarding

Concurrent forwarding is the main strategy used to improve
reliability. It implements video transmission using multi-
ple paths simultaneously. In general, concurrent forwarding
approaches propose cross-layer designs to integrate video
coding at the application layer with packet transmissions
between the network and physical layers. The video cod-
ing is responsible to perform packet segmentation or gener-
ates duplicated packets according to concurrent forwarding
approaches. As illustrated in the taxonomy presented in
Fig. 8, in this work, we classify the approaches for concur-
rent forwarding into Path Scheduling and Duplicate Packet.

8.1.1 Path scheduling

In this concurrent forwarding approach, the packets can be
scheduled for forwarding according to their priority, path
capacity, or schedule policies.

In packet priority, packets are identified at the application
layer that communicates with the network layer to define
the forwarding according to their priority. Proposals usually
define path schedules according to their cost—as specified
by some routing metric—and packet importance [10, 16, 19,
41, 50, 64, 71]. Data packets also can be classified as less
important than video packets [15]. In addition, video packets
can be prioritized according to the type of frames or layers
generated by video coding at the application layer. In this
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TabIeSI Summa.ry of prior work References Routing discovery Multipath selection Routing metric
according to their approach to
multipath routing [14, 18] Proactive Disjoint paths QoS
[43] Proactive Partially disjoint
[10, 34, 56, 57] Proactive Multi-interface
[12, 14, 44,47, 63,71] Reactive Disjoint paths
[48] Hybrid Multi-interface
[28, 49] Controller-based  Partially disjoint
[30, 31] Controller-based ~ Multi-interface QoE
[64] Proactive Partially disjoint QoS, Energy
[15, 19, 35, 36, 44] Reactive Disjoint paths
[16] Hybrid Disjoint paths
[73] Proactive Partially paths QoS, interference
[41] Reactive Disjoint paths
[37, 38, 82] Proactive Partially disjoint QOokE, interference
[51, 53, 54] Hybrid Disjoint paths QoS, geographical, interference, energy
[50, 52] Reactive Disjoint paths QoS, geographical, energy
[45] Reactive Partially disjoint
[27] Reactive Partially disjoint QoS, energy, interference
[17] Hybrid Partially disjoint
[62] Reactive Disjoint paths QoS, QoE, geographical, interference
[68] Reactive Disjoint paths QoS, QoE, geographical, energy
capacity already suffices to forward the whole video stream.
Multipath Fowarding In addition, it does not consider that path capacity can vary
over time.

¢

[ |

Concurrent Non-Concurrent
Path Scheduling | Alternate Paths |
Duplicate Packet | Backup Paths |

Fig. 8 Classification of multipath forwarding strategies

case, some studies have proposed a cross-layer design that
checks the type of each packet and the current network con-
ditions to ensure the transmission of the prioritized packets
[17, 23, 33, 38, 52-54]. In general, these studies assume
a fixed amount of a maximum of three types of packets,
regardless of the capacity of the paths. However, it can be
impractical when there are not enough paths for all the types
of packets.

When the capacity of the main path alone is not enough to
forward the whole video stream, the packets can be decom-
posed, so that each flow matches the capacity of the avail-
able paths. Thet et al. [28] present a splitting method for
video streaming over multiple concurrent paths to decom-
pose the packet rate to match the capacity of available paths.
This method can be applied in multipath video transmis-
sion; however, it is not recommended when the main path
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8.1.2 Duplicate packet

A simple approach to increase the reliability of video deliv-
ery is to duplicate video frame packets to forward over differ-
ent paths. Hence, copies of the same packet are transmitted
over selected paths [44, 60]. However, this creates redundant
packets that can occupy useful bandwidth. Moreover, to gen-
erate duplicate packets at the source and to filter out these
duplicate packets at the destination, a special arrangement
is required. For example, two agents are used in [60]: one to
generate duplicate packets at the transmitter and another to
filter received duplicates. Although it provides error resilient
video transmission, it can overload the network.

8.2 Non-concurrent multipath forwarding

This strategy has been presented in the literature to improve
the reliability of video transmission using alternative paths.
As illustrated in the taxonomy of Fig. 8, studies have pro-
posed the use of backup paths and alternate paths as non-
concurrent forwarding approaches. These approaches seek
to provide fault-tolerance and load-balancing, respectively.
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Table 6 Multipath classification of the proposals for wireless mul-
tipath video transmission found on the literature according to the
characteristics of their forwarding mechanisms found on the literature

References Multipath forwarding Mechanism
[10, 15-17, 19, 28, 33, Concurrent Path Scheduling
37,38, 41,47, 50-54,
64, 71]
[44, 60, 82] Concurrent Duplicate packet
[45, 49, 62] Non-concurrent Backup paths
[12, 47, 48, 64] Non-concurrent Alternate paths

8.2.1 Backup paths

It is one of the most popular multipath forwarding tech-
niques to provide fault-tolerance. In general, the idea is to
use only a path for packet forwarding, while keeping some
alternative paths ready to use in case of necessity. For exam-
ple, if a path fails because of a broken link, then packets
can be retransmitted through another path. In general, fault-
tolerance approaches select two paths, so that whenever the
primary path fails, the transmission falls back to the second-
ary path [45, 49, 62].

8.2.2 Alternate paths

This strategies exploit multiple paths to achieve a better dis-
tribution of traffic and to provide load-balancing. Some stud-
ies have used these strategies to balance energy consumption
among network nodes [47, 64]. They propose different mod-
els that perceive the path load and node energy consumption
and, accordingly, control the packet forwarding.

A weighted round-robin scheduling policy strategy can be
a simple and effective alternative to distribute video traffic.
This strategy was implemented in [12, 47] in which the traf-
fic flows are forwarded proportionally over alternate paths.
Furthermore, Wu et al. [48] propose a multipath forwarding
mechanism that implements a packet distribution based on
the path quality to adjust video traffic load and minimize
total distortion.

8.3 Summary

Table 6 summarizes the different multipath forwarding strat-
egies found in the literature to optimize the multipath video
transmission.

Multipath forwarding is one of the mechanisms that
presents the most promising strategies for multipath video
transmission. The literature has contemplated interesting
alternatives, mainly with regard to concurrent paths, which
is the focus of this survey. In this case, we can notice most
studies have focused on path scheduling, where there are
still many challenges to implementing an ideal mechanism

to forward video packets over multipath while still consider-
ing video coding techniques from IoT application aspects.

9 Conclusion

Wireless multipath video transmission has attracted the
attention of several researchers as a strategy to improve the
quality-of-service and reliability of video services. This
paper has presented a systematic survey that aims to organ-
ize recent studies to provide direction for future research.
For this, we introduced a component-based taxonomy that
comprise wireless multipath video transmission systems. A
quick overview of those components was presented and the
different approaches found in the literature were discussed
and summarized.

The development of efficient applications for wire-
less multipath video transmission continues to be an open
area that is promising for future research. Therefore, we
have organized the key components that have demanded
more investigation, thus encouraging the proposal of new
approaches.

There is great research potential for implementing cross-
layer support in IoT application scenarios. In this survey,
for instance, we identified several studies that jointly tackle
video coding and multipath routing protocols. Cross-layer
design approaches have demonstrated the benefits of making
multipath forwarding decisions according to video coding.
In this direction, there has been a trend for future research on
wireless multipath video transmission, especially for issues
of the strategies to forward packets following the cross-layer
design between application and network layers.

Finally, we also identified open challenges about routing
metrics for multipath selection. As an example, depending
on the routing metric, the capacity of multi-hop wireless net-
works might be saturated by increasing the number of hops.
Thus, it can be necessary to investigate metrics that have a
global view of the network as well as consider the multiple
sources of transmission demanded by video services.
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