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ABSTRACTRequirements of next-generation video applications are becoming a challenge for conventional
video coding systems, although they have evolved over decades to accommodate the most demanding of
current video applications. Semantic communications, built on the concept of transmitting just the semantics
of a message and allowing the receiver to reconstruct the message based on a shared context, is a non-
conventional approach being considered to overcome these challenges and improve performance of video
coding systems. In this paper, a rst such semantic communication-based video coding system in hybrid
mode is proposed, which uses an autoencoder-based semantic encoder for inter coding, augmented by the
intra coding capabilities of Versatile Video Coding (VVC) to encode key frames that form the context

for the semantic communication and the residuals for improving the delity of the output frames. For a
range of videos with differing levels of complexity, the proposed system consistently outperforms High

Ef ciency Video Coding (HEVC) and Advanced Video Coding (AVC) in terms of rate distortion metrics
guanti ed by Bjontegaard Delta Rates. It also outperforms Versatile Video Coding with videos with low

or high complexity, but slightly falls behind with videos with medium complexity, which can be improved

by addressing the open research areas that stem from this work. The proposed system demonstrates the
potential of semantic communication based video coding systems to consistently outperform state-of-the-art
conventional video coding systems over a wide range video applications.

INDEX TERMS Autoencoders, deep neural networks, semantic communication, video coding, video
communication.

I. INTRODUCTION This share is expected to increase to 80% by 2008
New media formats such as ultra high de nition (UHD) making it increasingly challenging to ensure a consistent
television, high dynamic range (HDR), extended reality (XR), end-to-end quality of experience (QoE) of video during its
omnidirectional video, and interactive storytelling are now production, storage, and distribution, especially due to video
widely supported by consumer devices. This has led to &haracteristics, such as bit depth, color rendition, frame rate,
rapid growth in the volume of video content distributed and resolution, which also increase on top of the volume.
over the Internet and other access media, accounting for Raw video footage is large in size and would not be very
more than 60% of the current mobile network trafc. practical to use without video compression (video coding)
to make it small enough to store and transmit within the
The associate editor coordinating the review of this manuscript andresource limitations of storage and transmission media. Video
approving it for publication was Muhammad Sharif coding standards de ne encoded bitstream and decoder
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speci cations to enable widespread use of compressed videof the event, and the vocabulary and grammar of language
with a wide range of device and software platforms. constitute the shared context.

The video coding landscape has been shaped by a series While the concept of semantic communication has been
of standards developed by the International Telecommuaround for decades, a technique to efciently reduce a
nications Union Telecommunication Standardization Sectormessage to its semantic form was not feasible due to
(ITU-T) and the Moving Picture Expert Group (MPEG) of the inaccessibility of the appropriate techniques and com-
the International Standards Organization (ISO). The mosputational power required for implementation. However,
popular video coding standards from these organizationgecent advances in arti cial intelligence (Al) and machine
are H.264 Advanced Video Coding (AVC)/MPEG-4 part-10 learning (ML) make it possible to implement semantic
standardized in 2003, and H.265 High Ef ciency Video Cod- extraction and semantic-based reconstruction using DNN,
ing (HEVC)/MPEG-H part-2 standardized in 2013. H.266 such as autoencoders, which has generated renewed interest
Versatile Video Coding (VVC)/MPEG-I part-3 standardized in semantic communicatiorjg].
in 2020 is the latest standard in this family and represents A semantic communication system (Fip. consists of a
the state-of-the-art in video coding. However, there are othesemantic encoder and decoder that convert the message to
popular video coding formats that include the Audio Video semantics at the transmitter and the conversion of semantics
Coding Standard (AVS), video codec 1 (VC-1), Windows back to the message at the receiver, both using the same
Media Video 9 (WMV-9), Theora, VP8, VP9, Daala and context (or common knowledge) to perform encoding and
AOMedia Video 1 (AV-1)[2]. decoding. In implementations, how the context is interpreted

These mainstream video coding standards are based dmy the encoder may not always be identical to how it is
statistical signal processing (SSP) techniques to exploitdone by the decoder, adding semantic noise to the end-to-end
statistical redundancies and quantization to exploit perceptuatommunication process on top of the omnipresent electronic
redundancies. However, with increasing bit depth, frame ratenoise. Although this may not affect the effectiveness of the
and resolution of the video, the complexity and computationalcommunication, it does reduce the delity of the output when
workload of the coding algorithms inevitably increase in attempting to reconstruct the message based on semantics.
part due to the linearity of the transformations used toThis is a challenge which semantic communication systems,
compress the data, resulting in an increase in the time takeaspecially when used for media transmission, must address.
to encode and decode the video, as demonstrate{Blby
and[4]. Therefore, while still being well capable of providing

Destination

suf cient QoE for current video applications such as UHD
and HDR content, even state-of-the-art video coding stan-
dards will face signi cant challenges in delivering the next
generation of video applications where resolutions beyond
16K (15,360 8,640 resolution) and frame rates beyond
300 frames per second are being considered. In response
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the use of deep neural networks (DNNSs) that allow the
use of nonlinear transformations to achieve compressiomicure 1. Typical semantic communication system.
in video has been explored as an alternative with some
positive resultd5]. Moreover, there are inherent challenges In response, we propose a hybrid video coding system that
associated with them, such as transmission of the DNN froncombines semantic communications and an SSP based video
the transmitter to the receiver and training of the DNN, coding system (VVC) to achieve rate distortion performances
which have hindered their development towards becomingon par with those of state-of-the-art conventional video
mainstream coding standards. coding systems. An autoencoder (AE] is chosen to
Inspiration for a novel approach to video communication perform semantic encoding and decoding, and is trained for
that can circumvent the channel capacity challenge facedach group of pictures (GOP) to minimize the mean square
by conventional video coding systems can be found in oneerror (MSE) between the input frames and the output frames,
of the rst concepts of information theory. Shannon and effectively making the latent vector in the bottleneck layer a
Weaver]6] suggest that the desired effect of communicationsemantic representation of each frame. A frame decoder at
can be achieved by successful extraction and transmission dhe receiver is then trained using the AE decoder layers to
just thesemanticof a message, which can be text, images minimize MSE between the key frames ( rst frame of each
or videos. When the context of semantic extraction is sharedsOP) shared by the transmitter and the frame reconstructed
between the transmitter and the receiver, the semantic causing the latent vector received from the transmitter. The AE
even be used to reconstruct the original in the receiver. Thislecoder layers on the transmitter (semantic encoder) and the
is analogous to a human using written word to describe arAE decoder layers on the receiver (semantic decoder) have
event, and a reader who is suf ciently uent in the language the same structure and are initialized with the same seeds to
used for writing being able to visualize the event based on thdurther optimize the performance, while it becomes no longer
description, where the written text constitutes the semanticsiecessary to use the same trained decoder layers from the
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transmitter at the receiver. Therefore, the structure of the AEsystem to meet the emerging requirements of the media,
layers, the seed used for initialization, and the key framescommunications, and consumer electronics industries.
represent thecontextof the semantic video compression
system, while the latent vector representsémantics

The key frames are encoded using the state-of-the-art intr
coding capabilities of VVC. In addition, to overcome the

ll. RELATED WORK

®onventional video coding has evolved over four decades
) . . i from the earliest digital video compression standard rati ed
challenge of reconstructing high- delity frames, a residual in 1984, H.120, to the state-of-the-art standard rati ed

1S extr?ctetd dbfy comparing the Or'g't'?a' dfran;e W'_th_lthetin 2020, VVC. However, the efciency of conventional
reconstructed frame (usmg a semantic decoder simiiar 1q;4q, coding techniques are fast reaching their limits, and
that used at the receiver at the transmitter). This residua

. ) . . Iternative approaches for video coding such as DNN based
is encoded using VVC and sent to the receiver, which PP 9

is added to th tructed f t th ; tvideo coding have been explored in parallel as potential
IS added 1o ne reconstructed rames at Ihe Tecewver Q. yigates for the next generation of video coding. Semantic
produce a high- delity output image. The use of a SSP

based codec (VWWC) t ¢ text di dresid ommunication, which has started to gain interest in recent
asea co ec ( ) 0 perform context encoding and resi _ua{jears, offers a novel paradigm which could be used for
encoding along with the use of semantic communication,

. video coding and transmission in multiple applications
concepts to extracsemanticsof each frame makes the

! . A here conventional video coding systems cannot achieve any
proposed system a hybrid of semantic communications amﬁ\jrther signi cant coding gain
SSP. ’

Performance of the proposed system is benchmarked
against state-of-the-art video codecs based on VVC, HEVCA. CONVENTIONAL VIDEO CODING
and AVC by comparing the rate distortion performancesEarly video formats used in transmission and storage systems
based on the peak signal-to-noise ratio (PSNR), structuraivere analog and aimed primarily at television broadcast.
similarity index (SSIM) and video multi-method assessmentVideoconferencing over public telephone networks was the
fusion (VMAF) metrics. The comparative performance of the rst application of digital video that required the creation
proposed system is further quanti ed using the Bjontegaardof standardized digital video formaf8]. The rst digital

Delta (BD) rates calculated for each metric. video standards rati ed by ITU-T included H.120 (version
The key novel contributions that we make to the eld of 1) [10], and H.261 which was the rst widely adapted
video coding through this paper &fe digital video coding standarid 1]. ISO's MPEG introduced

pioneering in an end-to-end hybrid video compressionMPEG-1 video in 1993, following which it joined with the
system based on the concept of semantic communicavideo Coding Experts Group (VCEG) of ITU-T to release
tions for inter coding and VVC for intra coding and subsequent standards H.262 and H.263.
residual compression. VCEG and MPEG established the Joint Video Team
demonstrating a novel mechanism for remote training(JVT) in 2001, which resulted in the publication of the
of a semantic communication based frame decoderAVC or H.264 standard in 2004 (technically identical
allowing the proposed framework to function without to MPEG-4 part 10), which eventually became the most
the necessity of transporting the decoder parametersvidely adapted video coding standard. This was followed
from the transmitter to the receiver, which is the rst by HEVC or H.265 (also ratied as MPEG-H part 2),
such attempt to use a remotely trained DNN basedin 2013[12] providing a coding gain of 50% over AV[13],
system for video encoding for transmission. [14]. The state-of-the-art video compression standard, VVC
demonstrating the performance of the proposed sysor H.266 (also ratied as MPEG-I part 3), followed in
tem with a range of videos with differing structural 2020 and the development of VVC codecs is currently
information (SI) and temporal information (TI) content gaining momentum with an expected coding gain of 50%
and benchmarking it against state-of-the-art codecsover HEVC along with support for a much wider range of
(VVC, HEVC, and AVC) in terms of rate distortion industry application§12]. However, starting from AVC, the
performance quanti ed using BD rates. H.26X family of video coding standards is distributed under
The remainder of this paper is organized into four sectionsa royalty-based licensing scheme, which limits its appeal to
Sectionll provides a brief overview of video coding using large-scale video distribution and streaming services.
conventional video coding and DNN-based video coding, Therefore, there are a multitude of alternative video coding
as well as the current state of research on semantic communstandards and formats published by entities ranging from
cations. Sectioill describes the proposed semantic and VVC major industry players to industry consortiums that are
based hybrid video codec and the experiments carried out tproprietary for speci ¢ applications or are royalty free for
evaluate its rate distortion performance against VVC, HEVC,industrial use. Av§15], WMV [16], Theorg17], VP8[18],
and AVC. SectionlV presents the results of the experiments VP9 [19], and AV1 [20] are all such video compression
and a brief discussion on their impact on the future of videoformats that have a signi cant market presence.
coding, leading to SectioW which summarizes the work All these standards are based on SSP and therefore make
and a brief note on how to further develop the proposeduse of several key techniques that include block partitioning,
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motion compensation or interpicture prediction, intrapictureusing CNNs, Voxel CNNs, and long short-term memory
prediction (intra coding), transformation (typically in the (LSTM) encoder-decoder frameworks. Key challenges in
frequency domain and commonly using the discrete cosinaising DNN-based video coding include semantic delity
transform), quantization, entropy coding, and in-loop lter- oriented video compression, rate distortion optimization
ing [21]. HEVC added more exibility and effectiveness guided training and adaptive switching, and ef cient memory
to these concepts introduced in AVC, by adding featuresand computation desid@2].
such as range extensions (RExt) to allow modi cation of the  One of the rst end-to-end DNN-based video compression
video format, improvements in coding ef ciency, precision, models was deep video compression (DVC), which jointly
and throughput optimizations, scalable HEVC extensionsoptimized the motion and residual information of a video by
(SHVC) to extend temporal scalability to spatial, quality, bit implementing two AE style DNNs jointly trained on a single
depth, and color range scalability, multiview (MV-HEVC) loss function to carry out motion and residual compression.
and 3-D extensiong3)-D-HEVC) combining multilayer DVC was demonstrated to have better PSNR performance
design with scalability features and screen content codingcompared to AVC and reached HEVC performance in terms
(SCC) extensionfl3]. VVC, again based on the coding tools of the multiscale structural similarity index method (MS-
used in HEVC, includes a further improved and re ned set SSIM) [23]. Further improvements on DVC using a DNN
of techniques that make it even more exible and adaptablebased motion prediction and re nement network that uses
for future video applications, albeit at the cost of a generalintra-frames (I-frames) and predicted frames (P-frames)
increase in complexitj11]. built on a motion predictor-net for tracking motion using
However, considering the computational complexity and differential motion vectors and a re neng4] demonstrated
optimizations that VVC entails, its successor is expected tacompetitive rate distortion performance over HEVC class B,
face signi cant challenges in realizing better rate distortion class D[13] and Ultra Video Group (UVG)25] datasets
performance using conventional techniques ald2%. This in terms of MSE and MS-SSIM. DVC adds additional
is leading to greater interest in alternative video compressiorcomplexity to the framework due to the attempt to use
methods, such as Al-based systems, improved perceptu@NNSs for residual coding and motion estimation, and the
quality measurement systems to optimize quality-basecperformance was only benchmarked for AVC and HEVC.
compression, and video coding for machines, which does nolt has not been designed targeting video transmission.
require full reconstruction of the videos to be effective in A new video compression architecture using feedback
communication. recurrent AE for real-time video compression adopting
the approach taken by conventional video codecs such as
AVC and HEVC [26] demonstrates comparable SSIM and
B. DEEP NEURAL NETWORK BASED VIDEO CODING compression rate performance with AVC and HEVC for those
DNNs work in a similar way to human perception, using commonly used in streaming applications. But the system
multiple layers of nodes that are interconnected with differentfaces challenges in temporal consistency and color shift,
weights and activated based on a range of input-outputspecially when the size of the GOP is increased.
functions set on different biases. The strength of DNNs liesin A three-dimensional AE featuring a discrete latent space
its ability to identify complex patterns in the input data which and an auto-regressive prior was evaluated against AVC and
are impossible to do using xed rules, as done in conventionalHEVC, exhibiting some advantages in terms of adaptive com-
signal processing algorithms. pression compared to conventional cod§es]. However,
Since late 1980s a range of DNNs has been explored foit is not benchmarked against VVC and the applications of
image compression, which has formed the basis for usinghe proposed method are for domain-speci ¢ videos, such as
them for video compression. The DNNs used for imagespeci c industrial applications, and it depends on the trained
coding have evolved from multilayer perceptron (MLP) baseddecoder being available at the receiver, which requires the use
image coding, random neural network based image codingef a neural network compression and transmission method
convolutional neural network (CNN) based image coding, essential for any practical implementations.
recurrent neural network (RNN) based image coding, gen- Although the performance of the PSNR was not better than
erative adversarial network (GAN) based image coding, andhe default HEVC settingi28] proposes a spatial-temporal
more recently, vision transformer based image codigj. video compression network (STVC) using spatial-temporal
Extending these developments to video coding has been apriors with an attention (STPA) module that is based on
active area of research over the past decade, especially singé architectures, which demonstrates better rate distortion
the introduction of HEVC, and DNN-based improvements performance than AVC and DVC. However, STVC also
to modules within HEVC and other mainstream video suffers from the added complexity and latency of using DNN
coding standards were one of the rst adoptions of Al/ techniques to achieve residual coding.
ML for video coding. DNNs were used to enhance and A Video compression system that used a frame AE, ow
enhance the tools used for intra prediction, inter prediction, AE, and motion extension network (Flow-MotionNgPg]
quantization, entropy coding, and loop Itering. New DNN- delivered improved performance compared to AVC and
based video coding frameworks have also been introducediiEVC in terms of PSNR and SSIM, but with a higher
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processing time per frame (TPF). An optical ow residual semantic communication system is capable of signi cantly
coding method[30] specically for videos that have a improving the throughput of a channgl]. Building on
strong interframe correlation, such as surveillance video oithese concepts, contemporary research shows that semantic
teleconferencing video, demonstrated quality improvementommunications are a viable means to preserve semantic
of 1.2 dB compared to DVC. However, the system is information while compressing information to considerably
not benchmarked against VVC, and furthermore it is notsmall sizes, even in the presence of intentional data loss at the
investigated with general video applications, limiting its bit level compared to conventional encoding meth{g#,
effectiveness to a speci c domain. [33], [34], [35], [36].

In general, the utilization of AEs for video compression The rst discussions on semantic communication [BY
has shown encouraging rate distortion results compared tavere based on text transmission, which was more recently
conventional video codecs such as AVC and HEVC, butexplored in detail using a range of deep learning tech-
with a trade-off of increased computational complexity, niques[7]. DeepSC is a semantic communication based
as evidenced by longer processing times. However, theitext transmission system that attempts to maximize capacity
performance still falls short of achieving the rate distortion and minimize semantic errors by accurately recovering
performance of HEVC codecs over a range of videos, andsemanticinstead of symbol level otrechnicalproblem, and
there has not been any AE-based framework put forthdemonstrates high delity of the semantic communication
that can match the rate distortion performance of latestsysteminlow signal-to-noise ratio (SNR) chanraig, [38].
VVC codecs, and as such no efforts have been mad&imilar observations have also been made on higher com-

yet. pression ratios and better resilience to noise from semantic
communication systems in speech transmis§3®j. A key

C. SEMANTIC COMMUNICATIONS FOR VIDEO challenge identi ed in these was the introduction of semantic

TRANSMISSION noise to the communication process, which was mainly

Semantic communications was rst discussed in the intro-the result of mismatches in the context referred to by the
duction of the mathematical theory of communication, transmitter and receiver to decode the semantically encoded
where communication is de ned as a problem at threemessage.
levels: technical level, semantic level, and effectiveness Extending the concept of semantic communication for
(or inuence) level [6]. The accuracy of the transfer of image transmission has been attempted using a variety of
information (in the form of a bit stream) from the sender to DNN architectures. An image transmission system with joint
the receiver is the primary concern of the technical problemsource and channel coding implemented using autoencoders
and is inherent in all forms of communication. Going beyondwas shown to provide a high level of compression while
the accuracy of the communicated bit stream, the semantistill maintaining semantic delity at low SNR compared to
problem concerns itself with the meaning of the information conventional channel coding systef#6], and multiple other
interpreted by the receiver in comparison to the meaning ofdomain-speci ¢ systems based on the same concept used
the information intended by the sender. The third problem ofhave been studied, such [@d]. GANs have also been used
effectiveness is itself concerned with the success of which theo capitalize on their ability to derive semantic images at the
meaning understood by the receiver leads to the action that thexceiving end based on the encoded message, which resulted
sender expecte@1]. in highly compressed and noise-resistant image transmission
The development of communications focused mainly systemg42], [43].
on solving the technical problem of communications and Semantic communication based video communication
exploring the limits of information capacity that can be systems for specic applications, such as video confer-
achieved with the two constraints of the signal-to-noise ratioencing [44] and video surveillancg45], have also been
(SNR) and the channel bandwidth. However, with the adventexplored. However, the use of semantic communications
of DNNSs, it has become possible to develop systems whergor implementing a video coding system that can replace
senders can extract the meaning of a message and transmitdénventional video coding has not yet been attempted, and
for a receiver to infer the meaning with high accuracy. Sincethis work is the rst of its kind to explore how state-of-the-art
the information content of the meaning, semantic of a  capabilities from semantic communications can be combined
message is signi cantly less than the information content ofwith conventional video coding techniques to provide an
amessage encoded as a bit stream, this creates the possibil#jfective and robust hybrid video coding system.
of transmitting a larger amount of information within
a restricted bandwidth. Furthermore, with the increased
prevalence of Machine-to-Machine (M2M) communication D. CHALLENGES AND OPPORTUNITIES
and the proliferation of the Internet of Things (loT), accurate To summarize, a key challenge faced by video coding
communication of the meaning of a message even wherstandards is the imminent explosion of system complexity
the receiver does not have a fully accurate bit stream hasvhen dealing with the next generation of video applica-
become more relevant. If the sender and receiver share pridions. This could make obtaining a signi cant performance
knowledge or context of the communication, the resultingimprovement over the current generation of video coding
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standards by the next exceptionally challenging by continuingayers of an AE, shown in Fig3, are used to perform
to use SSP alone as the basis for video compressiorsemantic encoding to reduce each frame to alatent vector with
Semantic communications, driven by advances in DNN, maydimensions 8 1.
present a solution to reduce the bit rates required for video The AE is designed to accept a frame with pixel wititt
communication by making use of videemanticandcontext  pixel heightH and color depthC (which equals 1.5 due
for encoding. But in their current state, they alone cannotto the frame being converted to YUV420 prior to semantic
produce decoded video that will always be acceptable forencoding). The tensor representing each frame is attened
human viewing, although they may be suf cient for most to a vector of dimensiondy H 1:5) 1 to form an
machine vision-type applications. However, it should beinput layer that is fully connected to a hidden layer with
appreciated that conventional video coding standards havdimensions 1024 1 using a Leaky Recti ed Linear Unit
evolved over three decades with an immense research effodctivation function (LeakyReLU). The hidden layer is fully
to become highly ef cient in tracking and predicting frames connected to a bottleneck layer of dimensions 8 again
over the temporal dimensions, which cannot be expected taising LeakyReLU, from which the latent vector is extracted.
be matched immediately by an emerging technique. To enable AE training using the input frames themselves, the
This opens up areas of research on how best to exploitlecoder layers are implemented by fully connecting a hidden
the temporal correlation between frames in semantic commulayer of dimensions 1024 1 with the bottleneck layer using
nication based video coding systems to match and imprové.eakyRelLU, which in turn is fully connected to an output
the capabilities currently available in SSP based videolayer of dimensions Y H 1:5) 1 using a Sigmoid
coding systems. Meanwhile, there are opportunities to takectivation function. The output layer is then reshaped
advantage of the proven features of both systems by exploringp reconstruct the frame with the original dimensions
hybrid approaches. Sectidh describes the rst attemptto W H  1.5. A learning rate or nonlinearity factor) of
develop and demonstrate a hybrid video coding system usin@.01 used for training the model to minimize MSE between
an AE-based semantic communication system augmented bie input and output frames.

VVC. Since the main objective of the proposed system is to
reconstruct the original frame using the latent vector on
lll. PROPOSED SYSTEM the semantic decoder, it does not necessarily need to be

The proposed hybrid video coding system uses semantianderstood by humans. Therefore, the size of the latent
communication principles, withsemantic encoding and  vector is optimized to have the minimum possible size after
decoding performed using the AE encoder and decodebbserving the effects of varying the dimensions of the latent
layers, respectively, andontextencoding and decoding per- vector between1 1 (X 1)and256 1(2 1) withthe
formed using VVC. The challenges discussed in Sedtidh  average PSNR of the output frames compared to the input
related to the delity of the output frames are addressed byframes as shown in Figt using input frames with spatial
extracting the residual between the original and semanticallyesolution 320 180. The latent vector size of 8 1 was
predicted frames and encoding and decoding them usinghosen as there is no signi cant gain in the average PSNR
VVC intra coding, and adding the residual back to theif it is increased further. The semantic encoder training is
semantically reconstructed frame to generate the outputcarried out on a GOP basis, with all frames of the GOP used
The proposed system, shown in Fig. is composed of as training data. For each GOP, the AE is initialized using a
four main components: a semantic encoder, a semantiGlorot uniform initializer{46] with a preset seed value, which
decoder (frame predictor), a context encoder/decoder and will ensure that the ground state (initial random weights) of
residual encoder/decoder. The ef cientimplementation of thethe AE will remain the same for each GOP, which is critical
proposed system is enabled by a novel approach to remotely the success of the remote decoder training required to
train the receiver-side semantic decoder. implement the semantic decoder (Sectil+B ).

The proposed system is tested with 4:2:0 chroma sub- The number of training epochs is set at 250 with the
sampling (YUV420) and on a GOP basis, with the sameintention of over tting the model to a given GOP, as the
con guration used for VVC, HEVC, and AVC used as differences between frames are minimal for a given GOP, and
references to compare its performance. It also uses scerwny scene changes are identi ed by scene transition detection
transition detection to trigger new GOPs when there is a scenéSectionllI-E) to trigger a new GOP.
change in the video, making it usable across multiple video The model is optimized by varying the structure and depth
applications without being restricted to a particular type of of the layers to achieve an optimum con guration of one

video, such as surveillance video or conference video. hidden layer of dimensions 1024 1 each for the encoder
layers and the decoder layers of the AE. Once the AE
A. SEMANTIC ENCODER training is completed for each GOP, each frame is again

Semantic encoding is the process of extractingsémaantics  fed to the semantic encoder, and the resulting latent vectors
of a frame so that it can be used to reconstruct the frame usingre used as thsemanticof each frame, which is decoded

a compatible semantic decoder. This is typically achievedby the semantic decoder (frame predictor) as described in
using a DNN, and in the proposed system, the encodefectionlll-B.
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FIGURE 3. AE based architecture used in the semantic encoder and decoder.
B. SEMANTIC DECODER (FRAME PREDICTOR) receiver to be trained for each GOP, as done in the semantic

The semantic decoder in the proposed system plays a similetecoder layers at the transmitter, without a signi cant
role to a frame predictor on a conventional SSP basedncrease of the computational complexity of the system, while
video coding system. It is implemented using the sameavoiding the requirement of transmitting a large amount of
structure as the AE decoder layers in the semantic encodgnetadata which would be required if the hyperparameters of
(Sectionlll-A ) shown in Fig 3. However, rather than training the AE decoder layers were to be transmitted between the
the semantic decoder together with the semantic encoddransmitter and receiver for each GOP or scene change.

and then moving the AE decoder layers to the receiver, While the semantic encoder is trained by comparing the
which is the approach taken by studies of other DNNinput frame and the output frame of the AE, the remote
based video transmission systems that have been proposeggmantic decoder only has access to the key frames decoded
as discussed in SectiorisB and II-C respectively. The through the context decoder and the latent vectors received
proposed system uses a novel approach to remotely train thisom the semantic encoder. Therefore, the semantic decoder
decoder using theontextprovided by the context encoder/ is trained to optimize the MSE between the key frame and the
decoder (Sectiorlll-C). This enables the decoder at the reconstructed frame from each latent vector. Since over tting
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40 function shown in(3), and would apply when there is no effect
of noise on the weights and biases of the decoder component
38 when compared with the encoder.
A situation where a noisy decoder has deviated weights
2 361 and biases can be represented(ly wherey 2 RVHC 1
= represents the reconstructed outpWgec 2 RWHC P
G 344 is the weight matrix of the decoder at the receiver and,
= bgec 2 RWHC 1 s the bias vector of the decoder at the
324 receiverh 2 RP 1is the latent vector transmitted from the
transmitter.
30 51 23 25 57 y D f(Wgech C bgec) (4)
Latent Vector Dimensions Assuming that the noise between the weights and biases of
FIGURE 4. Effect of latent vector dimensions on the average PSNR of the the two sides can be approximated to normally distributed
reconstructed frame. additive white Gaussian noise (AWGN) with zero mean and

the variance betweeW gec andWgecis w, and the variance
betweenbgec andbgecis b, the relationships between each

the model will lead to higher MSE in this scenario, the :
of these pairs can be representedByand(6).

training is only carried out for 100 epochs at the semantic
decoder, in contrast to the 250 epochs at the semantic encoder. Waec D WecC N(O; 2) (5)
The effectiveness of remote training of the AE decoder B D b C N(O: 2 6
layers can be mathematically veri ed, considering a video dec D baecC N(0; ) ©)
clip with spatial dimensiong/  H, whereW andH denote A MSE loss function similar to(3) can now be de ned
the width and height of the frame in pixels, respectively. The between elements afandy as shown in(7).
number of color channels is denoted 8y which will be
equivalent to 3 for the RGB color format, 1.5 for the YUV420
color format, and 1 for the grayscale color format. Therefore,
each frame of the video can be represented by a tensor of
dimension®¥ H C,andcanbe attened to be represented The accumulated error betweg&endy, denoted by , can

XN
L(x; y)D% i i) (7)
iD1

by a vectorx 2 RWHC 1, then be derived as shown (8) and(9).

When the latent vector of the AE is representedhb Dy 0 8)
RP 1 wherep 1 is the size of the latent vector and _ _
p  WHC, encoder weight vectors are denotedWync 2 D f(Wdech C bdec)  f(Waech C bded) 9)

WHC : : WHC 1
R P, encoder bias vector is denoted ishc 2 R” _ When decoder training is performed to minimize the loss
and an encoder activation function fi§.) the relationship by combining the transmitter side encoder and the

between each frame and its latent vector can be represented qiver side decoder during training, the two activation
by (1). functions will converge as shown {fi0) and(11).

" D ¥ (Wengk C bend @) lim f (Woech C Baed  f (Waech C baed)
The reconstructed output vector from the decoder network, Ho

02 RWHC 1 has the same dimensionality as the inpQt ( o _ DO (10)
and relates to the latent vectdr)(through decoder weight ) T(Waech C bgec)  f(Wdech C bgec) (11)
vectors denoted bWgec 2 RWHC P an decoder bias vector

WHC 1 ati i
ggzg:gg bt;}/?(;e;s ghol\?vn in2) and an activation function that the transmitter AE encoder and decoder layers and the
' ' receiver AE decoder layer are initialized using the Glorot uni-
XD f (Wgech C bgec) 2 form initialization (or the Xavier uniform initialization46]
with the same seed value used by the semantic encoder.
This ensures that the ground state of both AE networks is
%quivalent and will further minimize derived in(9), leading
to a nearly identical reconstruction of the output frame from
the transmitter AE decoder layers at output from the receiver
1 AE decoder layers, as shown in Tablefor a sample of
L(x; 9D N O Xi)? (3)  seven different video sequences of varying Sl and TI content
iD1 between medium and high.
Conventionally, the encoder and decoder components of the This can be further veried by considering the visual
AE are trained simultaneously to minimize the common lossreconstructions from an example video with high Sl and high

This approximation can be further improved by ensuring

The MSE loss functionl((:)) between the original input
vector and the reconstructed output vector can then b
represented by{3) wherexy andX denote thekth elements

of the input and reconstructed output vectors Bnd WHC.
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TABLE 1. Comparison of average PSNR of reconstructed videos at TABLE 2. Comparison of average rate distortion performance of outputs
transmitter and receiver side semantic decoders. of transmitter side (TX) and receiver side (RX) AE for different GOP sizes.
Video Average PSNR at Transmitter | Average PSNR at Receiver GOP Size | PSNR(TX) | SSIM(TX) | PSNR(RX) | SSIM(RX)
Video A 39.688485 dB 39.688492 dB 8 20.27 dB 0.759 20.27 dB 0.759
Video B 39.787627 dB 39.787620 dB 16 26.64 dB 0.844 26.64 dB 0.844
Video C 39.781242 dB 39.781242 dB 32 35.88 dB 0.988 35.88 dB 0.988
Video D 39.758808 dB 39.758808 dB
Video E 39.846144 dB 39.846144 dB
Video F 39.853455 dB 39.853447 dB
Video G 39.773289 dB 39.773296 dB C. CONTEXT ENCODER/DECODER

The context required for semantic encoding and decoding in
the proposed system is shared between the transmitter and the
TI content, as shown in Figs. The frames reconstructed receiver using the key frames of each GOP. Transmission
by the transmitter AE decoder layers (Flp) and by the of key frames in their raw format is not feasible due
remotely trained receiver AE decoder layers (Big.are not ~ to the excessive bandwidth it will occupy, which offsets
visually discernible from each other. This process is a keythe bandwidth saving achieved by semantic compression.
innovation of the proposed system and allows it to be adopted herefore, VVC intra coding, which is the state-of-the-art
in a range of videos without becoming restricted to a speci ¢ for compressing video frames, is employed to encode the key
application such as conferencing or surveillance. frames.

VVC offers a range of intra coding options with different
quantization parameter (QP) values where lower values
correspond to higher reconstructed frame quality and higher
bit rates, and where higher values correspond to lower
reconstructed frame quality and lower bit rates. However,
unlike in the conventional use of VVC, the key frames of
the proposed system do not need to use very low QP, as the
semantic decoder primarily relies on the latent vector to
reconstruct the frames rather than just on the key frame.
Therefore, the effect of varying QP values used to encode key
frames for high SI/TI and low SI/TI videos was investigated
to identify a suitable QP value that provides a reasonable
trade-off between the quality of the reconstructed frame
and the bitrate required by the key frames. Tablshows
the variation of the bitrate required when different QP
values are chosen to encode the key frames with VVC intra

(b) coding, while maintaining the same QP (22) for encoding the
FIGURE 5. Frames reconstructed at (a) transmitter AE decoding layers and reS|dans (dISCUSSBd in SectibhD ) for videos with hlgh Sl
(b) receiver remotely trained AE decoding layers for an example video and hlgh Tl content.

with high Sl and high TI.

TABLE 3. Effect of QP value used for encoding key frames for videos with

The general applicability of remote training of AE decoder yg, ypign 1.

layers is further veri ed when the effect of the GOP size

on the average PSNR and the average SSIM of the videos [Key frame QP | Key frame rate | PSNR | SSIM | VMAF
is considered, as shown in Tab® It demonstrates that 22 1,748.9 kbit/s | 32.72dB | 0.7866 | 80.94
remote training of the AE decoder layers at the receiver is 27 1,046.5 kbit/s | 32.72dB | 0.7853 | 80.47
consistently able to produce outputs which are equivalent to 32 520.1 kbits | 32.94dB | 0.7872 | 79.82
the AE decoder layers at the transmitter, regardless of the 37 210.1 kbit/s | 33.04dB | 0.7824 | 78.08

GOP size used. Therefore, the margin of error between the
predictions made by the semantic decoder at the receiver Table4 shows the variation of the bitrate under the same
using a remotely trained AE is very small and can beconditions for videos with low Sl and low TI content.
neglected. Furthermore, since a GOP based training approach Based on these observations, using a higher QP value of
is used, propagation of any impact of remote training is not37 over a lower value such as 22 only leads to a reduction in
carried forward beyond a given GOP. rate distortion performance, but provides a signi cant saving
A key factor enabling remote training to be successful isin the bandwidth required in transmitting the key frames.
the precise sharing of theontextbetween the transmitter Since the proposed system has a residual coding scheme in
and receiver in the form of key frames which is described inplace to enable high delity reconstructions of the frames at
Sectionlll-C. the receiver, a QP of 37 is selected for the VVC intra coding
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(b)

(d) (e) (H

FIGURE 6. Frames from example videos and their corresponding residuals using only semantic and context encoding/decoding. Top row:
original frames (a) Video A: medium complexity, (b) Video B: high complexity, (c) Video C: low complexity. Bottom row: corresponding residuals
after reconstruction in receiver (d) Video A, (e) Video B, (f) Video C.

TABLE 4. Effect of QP value used for encoding key frames for videos with residual encoding with VVC. As shown in Fi@, a semantic

low Sl/low TI. .

o Stow decoder and a context decoder with the same structure and

Key frame QP | Key frame rate | PSNR | SSIM | VMAF con guratlon as in the receiver are w_npl_emented in the

by 0479 kbis | 4271 dB | 09862 | 89.80 transmitter. _The semantic decoder is initialized using the
27 6072 kbit/s | 41.84dB | 09819 | 89.01 Glorot initializer and the same seed as the semantic encoder,
32 3459 kbit/s | 40.19dB | 0.9732 | 86.39 and trained using latent vectors and key frames decoded by
37 187.5kbit/s | 38.17dB | 0.9591 | 81.02 the context decoder following the same process described in

Sectionlll-B. This enables the transmitter to reconstruct a

frame nearly identical to that reconstructed at the receiver.
used to encode key frames such that the bandwidth it occupieBhen the reconstructed frame is subtracted from the original
is minimized. Sectiofll-D details the implementation of the frame to obtain a residual with each pixel represented as a
residual encoding and decoding system used in conjunctiosigned binary value (9 bits). This is then encoded using VVC
with the semantic and context encoding/decoding systems tiith the con guration set to an input and internal bit depth

improve the delity of the output video. of 10 bits to accommodate the sign bit. A VVC decoder is
implemented at the receiver with the same con guration to
D. RESIDUAL ENCODER/DECODER extract the residual, which is then added to the reconstructed

The semantic encoder/decoder and the context encodeffame from the semantic decoder to produce a high delity
decoder are capable of reconstructing the video at the receiveutput.
with a rate distortion performance that is suf cient for most A key difference between how the residual is encoded in
machine vision applications, such as object identi cation the proposed system and how it is done in conventional video
and classi cation. However, the delity of the reconstructed coding systems such as VVC is that the proposed system does
video has a signi cant difference, or residual, compared tonot implement any complex maotion prediction and motion
the original input video, which becomes a major concerncompensation algorithms in the transmitter. The temporal
for human perception. Fig shows the residuals of a frame correlation between frames in a GOP is already exploited in
from three example videos with varying levels of complexity, the semantic encoding process, and therefore it only requires
where Fig.6bis a high complexity video (high Sl and/or TI minimal prediction capabilities from VVC when encoding
content), Fig6ais a medium complexity video (medium Sl the residuals.
and medium TI content), and Figc is a low complexity However, compared to the bitrate required to transmit the
video (low Sl and low TI content). The residuals from semanticsandcontextof each frame, the bitrate taken up by
difference between the original frames and reconstructedhe residual is signi cantly high. Therefore, the GOP size and
frames of each (Fig6d - 6f) are signicant, leading QP values used for VVC are optimized to minimize the bitrate
to degradation of quality in human vision applications, of the encoded residual after analyzing the variation of the
especially when the video complexity is high (F&g). average PSNR and the average SSIM for a range of videos,
To overcome this challenge, the proposed system impleas shown in Tablé&. The observations do not show that a
ments a residual encoding/decoding mechanism inspired bgigni cant gain to be achieved by decreasing the GOP size,

VOLUME 12, 2024 79211



IEEE Access

P. Samarathunga et al.: Semantic Communication and VVC Based Hybrid Video Coding System

and therefore the highest GOP size of 32, which correspondslips are classi ed into three categories based on complexity,
to the lowest bit rate of the encoded residuals, is selected.

TABLE 5. Comparison of residual bitrates, PSNR, and SSIM under
different GOP sizes for residual encoding using VVC.

as shown in Fig8. Videos 1, 3, 4, 5, 7 and 8, which have
low SI and low TI, are considered to be low complexity
videos for the purpose of analysis. Videos 6, 9, 10, 12, 13,
18 and 20 have medium Sl and medium Tl and are considered
medium complexity videos. Videos that have high SI (Videos

GOP Size | Average Bitrate | Average PSNR | Average SSIM 14, 15, 16 and 17) or high TI (Videos 2, 11 and 19) are
8 43.7 kbivs 30.22 dB 0.916 considered high complexity videos.
16 39.9 kbit/s 30.37 dB 0.916 Th uti f th id l lected f testi
0 32.6 Kbil/s 3040 dB 0911 e resolution o € Vvideo cClips selecte or testing

was restricted by the limitations of computational resources

. ) ) available to train the semantic encoder and semantic decoder
QP values set residual coding using VVC are not xed andj, myltiple iterations during simulations. However, the

are selected from the range between 8 and 37 depending Qigso|ution of the test videos does not have a signi cantimpact
the comple>§|ty of the v.|de(_). Given _that the Iatent.vector of on the rate distortion measures (PSNR, SSIM, and VMAF)
each frame is constant in size (80 bits) and a considerably ;e to evaluate the quality of the reconstructed video, since
small value for each frame, this provides the exibility to they are based on the input video. This can be veri ed by
adjust the QP dynamically depending on the complexity ;qnsjdering the variation of the observed PSNR for different
of the video. Selection of QP values was done manuallygpatial resolutions of an example video given in Table

on a subjective basis for the experiment, but a rule-basedyich shows only an insigni cant change in the metric when
con guration can be implemented to select the appropriatehe gpatial resolution is increased. Therefore, this will not
QP values for each video or frgme to automate the Process.pe 3 Jimiting factor in scaling up the proposed system for
~ Akey enabler to keep the size of the residuals small is t0;qeos of any spatial resolution. Furthermore, the proposed
limit the GOPs to within a speci ¢ scene of the video, which gy stem can also be implemented on blocks partitioned from a
is implemented using a scene transition detection method 38igh-resolution video using the same principle, which allows

described in SectioHl-E.

E. SCENE TRANSITION DETECTION

it to be scaled on such a basis as well.

TABLE 6. Effect of Spatial Resolution of Video and Observed PSNR for

Scene changes in video can be abrupt or gradual,
either of them occurring within a GOP will lead to the
input frame to the semantic encoder becoming signi cantly
different from the context (key frame) used by the semantic
decoder, which will signi cantly reduce the delity of the
semantically decoded frame. Therefore, a scene transition
detection algorithm that can effectively determine abrupt and

bLRifferent Video Coding Systems.

Resolution | Total Pixels | Average PSNR
256 144 110,592 34.32dB
320x 180 172,800 34.33 dB
420x240 306,720 3433 dB
1280%720 921,600 34.10 dB

1920x1080 | 2,073,600 34.01 dB

gradual scene changes in uncompressed video input can be

applied atthe input to the proposed system, as showni2Fig.  The proposed system is benchmarked against the cur-
using the method described[#i7]. Scene transitions are used rently most widely used conventional video coding systems
to trigger a new GOP, where the key frame will provide valid of the H.26X family: VVC, HEVC, and AVC. VVenC
context for the semantic encoders, enabling one to keep the.8 coded69] is used as the implementation of VVC and the
delity of the semantically decoded image suf ciently high  tools available in ffmpe70] are used for the implementation
and manage the size of the residuals. of HEVC and AVC. The parameters used for setting up VVC,

The end-to-end system described in Sectidr& tolll-E  HEVC and AVC reference codecs are given in Tahl@he
is implemented and tested using a set of videos with varyingQP values used for residual coding of the proposed system are
complexity and compared with conventional video coding matched to the QP values used for encoding the test videos
systems in terms of rate distortion performance, of which thewith VvC, HEVC and AVC to provide a comparison over a
process is described in SectibhF. range of quality levels.

Performance comparisons of the proposed system and the
three conventional video coding systems are made based on
20 video clips of spatial resolution 320 180 pixels and the PSNR, SSIM and VMAF indices and are quanti ed by
frame rate 20 frames per second (fps), shown in Figare  calculating the BD rates. PSNR is the relationship between
used to demonstrate the performance of the system describdéde square of the maximum possible pixel value of an image
in Sectionslll-A to IlI-E. These videos were selected to or video and the mean squared error of the pixel values and
represent a range of Sl and Tl content calculated ugiyy  is the most common index used to measure the quality of
and shown in Fig8. reconstruction of images or videos after they have undergone

To meaningfully summarize the performance of thelossy compressiof71]. SSIM is primarily an objective
proposed system and the reference systems, the 20 videneasure of the structural consistency of the decoded video

F. PERFORMANCE EVALUATION
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() (@ @ ®
FIGURE 7. Video Clips used for Experiments: (a) Video 1 [48], (b) Video 2 [49], (c) Video 3 [50], (d) Video 4 [51], (e) Video 5 [52], (f) Video 6 [53], (g) Video

7 [54], (h) Video 8 [55], (i) Video 9 [56], (j) Video 10 [57], (k) Video 11 [58], (I) Video 12 [59],(m) Video 13 [60], (n) Video 14 [61], (o) Video 15 [62], (p) Video
16 [63], (g) Video 17 [64], (r) Video 18 [65], (s) Video 19 [66], (t) Video 20 [67].

200

TABLE 7. Specifications of VVC, HEVC and AVC used as benchmarks.

015
5 180 1 Parameter/s Value
E 160 - Color space YUV420
'g Internal bit depth 8
£ 1407 016 017 fps 20
S 1201 014 Resolution 320 x 180
= A12 4430, o19 GOP 816,32
‘© 100 - A20 A6 011 QP 22/27/32/37
= Preset Slow
g 807 0s°7 o Pixel format | YUV420 4:2:0
i 8 A1s 2
»n 60 A 035 o1
40 ' : ' ; : the reference system, and a positive BD rate corresponding
0 5 10 15 20 25 30

to a worse performance of the test system compared to the
reference system.

The analysis of these metrics with relation to the proposed
system and VVC, HEVC, and AVC, and a discussion of their
implications are presented in Sectibh

Temporal Information (TI)

FIGURE 8. Distribution of Structural Information (SI) and Temporal
Information (TI) in Test Videos. Categorized as: - Low Complexity Videos,
4 - Medium Complexity Videos, - High Complexity Videos.

clip in the spatial domain, and is used here mainly to compareV. RESULTS AND DISCUSSION

performance in spatial dimensidii2]. VMAF, which is The rate distortion performance of the proposed system is
an objective measure for both the structural and temporakvaluated against VVC, HEVC and AVC for the 20 test video
consistency of the decoded video clip on multiple factors,clips, as explained in Sectidi . The average rate distortion

is used here to mainly compare performance in the temporatates (PSNR, SSIM and VMAF) and the corresponding
dimensior{73]. The BD ratg74] is an objective measure that average BD rates are analyzed by grouping the test videos into
compares the rate distortion performance of a test system witthree groups: low complexity videos, medium complexity
a reference system, with a negative BD rate correspondingideos and high complexity videos based on their SI and
to the better performance of the test system compared td| content. The rate distortion performance of the proposed
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system and the three benchmark systems for each individuahtes for each rate distortion metric with reference to AVC,
video for different GOP sizes are shown in Appendix. HEVC, and VVC.

A key characteristic of the proposed system is that the
latent vector for a frame, regardless of the QP of residualtABLE 9. Average BD Rates for Proposed System with Reference to AVC,
coding and key frames, is constant and small at 2.5 kbit/'EVC and VVC when GOP SizeD 16.
s since it is capable of effectively extracting the semantics

. . Metric | Complexity | vs. AVC | vs. HEVC | vs. VVC

of the frame from a dimensions of 32080 1.5 to 8 1. PSNR Low 5320 | 4883 15

Therefore, the majority of the bandwidth consumed by the PSNR | Medium | -46.53 3675 0.84
proposed system consists of the VVC encoded residuals, PSNR High -55.71 -50.88 -20.85
which are on the order of hundreds of kbit/s. SSIM Low -58.73 -50.46 -11.16
When GOP size 8 is considered (F®), rate distortion SSIM | Medium | -57.38 -47.08 -12.38
performance measured by the averages of PSNR, SSIM and SSIM High 625 | 5533 | 2158
VMAF of the proposed system is on par with VVC for low VMAF Low 3395 | 5166 | -1579

lexity, medium complexity, and high complexity videos. VMAF | Medium | 4435 | 3675 >4
compiexity, plexity, 9 piexity VMAF | High 5695 | 5484 | -18.83

It also shows a signi cant coding gain over HEVC and AVC,
especially for QP values of 27 and QP 22 when the GOP size
Is set o 8. These Im_pro_vements can be quantl ed using BDTABLE 10. Average BD Rates for Proposed System with Reference to AVC,
rates, as shown in Fig8j, 9k, and9l. The proposed system {evc and VvC when GOP SizeD 32.

is capable of outperforming VVC in terms of PSNR, SSIM,

and VMAF under test conditions when the video complexity Metric | Complexity | vs. AVC | vs. HEVC | vs. VVC

is low or medium when the GOP size is 8. However, PSNR Low 5714 | 5419 | -18.33

VVC has marginally better rate distortion performance in PSNR | Medium 482 417 2.68

PSNR and SSIM when video complexity is high, although 1;5811\11\1: ig’j Zj; zgii :ig';‘g

it falls behind the proposed system in terms of \_/MAF. SSIM | Mediom 5697 76 533

These results demonstrate that the proposed system is capable s High 64.05 3936 118.94

of signi cantly improving the rate distortion performance VMAF Low 256.06 