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ABSTRACT The paper presents AVQBits, a versatile, bitstream-based video quality model. It can be applied
in several contexts such as video service monitoring, evaluation of video encoding quality, of gaming video
QoE, and even of omnidirectional video quality. In the paper, it is shown that AVQBits predictions closely
match video quality ratings obained in various subjective tests with human viewers, for videos up to 4K-UHD
resolution (Ultra-High Definition, 3840 x 2180 pixels) and framerates up 120 fps. With the different variants
of AVQBits presented in the paper, video quality can be monitored either at the client side, in the network
or directly after encoding. The no-reference AVQBits model was developed for different video services and
types of input data, reflecting the increasing popularity of Video-on-Demand services and widespread use of
HTTP-based adaptive streaming. At its core, AVQBits encompasses the standardized ITU-T P.1204.3 model,
with further model instances that can either have restricted or extended input information, depending on
the application context. Four different instances of AVQBits are presented, that is, a Mode 3 model with
full access to the bitstream, a Mode O variant using only metadata such as codec type, framerate, resoution
and bitrate as input, a Mode 1 model using Mode 0 information and frame-type and -size information, and
a Hybrid Mode 0 model that is based on Mode 0 metadata and the decoded video pixel information. The
models are trained on the authors’ own AVT-PNATS-UHD-1 dataset described in the paper. All models show
a highly competitive performance by using AVI-VQDB-UHD-1 as validation dataset, e.g., with the Mode
0 variant yielding a value of 0.890 Pearson Correlation, the Mode 1 model of 0.901, the hybrid no-reference
mode 0 model of 0.928 and the model with full bitstream access of 0.942. In addition, all four AVQBits
variants are evaluated when applying them out-of-the-box to different media formats such as 360° video,
high framerate (HFR) content, or gaming videos. The analysis shows that the ITU-T P.1204.3 and Hybrid
Mode 0 instances of AVQBits for the considered use-cases either perform on par with or better than even
state-of-the-art full reference, pixel-based models. Furthermore, it is shown that the proposed Mode 0 and
Mode 1 variants outperform commonly used no-reference models for the different application scopes. Also,
a long-term integration model based on the standardized ITU-T P.1203.3 is presented to estimate ratings of
overall audiovisual streaming Quality of Experience (QoE) for sessions of 30 s up to 5 min duration. In the
paper, the AVQBits instances with their per-1-sec score output are evaluated as the video quality component of
the proposed long-term integration model. All AVQBits variants as well as the long-term integration module
are made publicly available for the community for further research.

INDEX TERMS Bitstream video quality models, quality of experience (QoE), quality assessment, HTTP-
based adaptive streaming (HAS), hybrid models, video quality, 360°, HFR, gaming, overall integral quality.

I. INTRODUCTION

The associate editor coordinating the review of this manuscript and The increase in both affordable capture technology and the
approving it for publication was Zhen Ren . average bandwidth for internet connections has resulted in
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video becoming the most dominant of all the data that
is uploaded, shared, and streamed on the internet. For
example, Cisco’s global forecast for 2022 indicate that video
traffic accounts for 82% of all consumer traffic in 2022 up
from 75% in 2017 [1]. In addition, both production and
streaming of higher resolution videos (UHD-1/4K and above)
is increasing [2], [3] and is being supported by many leading
over-the-top (OTT) streaming providers such as Netflix,
YouTube, Amazon Prime Video etc. Moreover, the overall
volume of video traffic is not limited to traditional 2D
video content and there is a significant increase to stream
gaming [4], [5] or 360° videos.

The preferred streaming technology for most of this video
traffic is HTTP-based adaptive streaming (HAS). A typical
HAS session can be characterised by variations in audio
and video quality, also referred to as ‘“‘quality switches™,
initial loading delay and stalling events due to rebuffering.
Various implemetations of this technology are in use, such
as, e.g. Apple’s HLS (HTTP Live Streaming) or Microsoft
Smooth Streaming (MSS). Furthermore, advances in video
compression have taken place, with the development of video
codecs such as H.264 [6], VP9 [7], HEVC [8], EVC [9],
LCEVC [10], AV1 [11], and VVC [12] to compress videos
efficiently while still being able to maintain a good quality
for a specific target bitrate.

All these developments are targeted towards delivering
video at the best quality for the lowest possible bandwidth,
to increase the Quality of Experience (QoE) for the viewers.
In this paper, the encoding video quality is addressed as
one of the main factors for video QoE. In this context,
different strategies have been proposed to select the optimal
encoding settings, e.g. “fixed” bitrate ladder [13], per-
title encoding [14], and shot-based encoding [15] from
Netflix, or context-aware encoding [16]. This necessitates the
development of models that can provide accurate prediction
of video quality. Those models can be used to evaluate
encoding strategies or to monitor quality on the client side.

In general, based on the input information used for quality
assessment, video quality models can be classified into
several categories [17]-[22], for example, metadata-based,
pixel-based, bitstream-based, or hybrid models. For the first
type, namely, metadata-based models, the input information
available is limited to video resolution, video bitrate, video
framerate, and video codec. Since no information related to
the underlying video content is available to the model, these
models are content-agnostic. The second type, pixel-based
models, have access to pixel information to estimate video
quality. Based on the availability of pixel information of a
reference (undistorted source) video, pixel-based models can
be further sub-divided into three categories: Full-Reference
(FR) (e.g. VMAF [23]), Reduced-Reference (RR) (e.g. ITU-
T P.1204.4 [24]), and No-Reference (NR) (e.g. Deviq [25])
models.

The third type of models is referred to as bitstream-based,
which are usually NR models that rely only on the encoded
bitstream, typically without a full decoding, to estimate visual
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quality. Based on the extent to which bitstream information is
used, bitstream models can be categorized into the following
modes of operation [22]: Mode 0 (e.g. ITU P.1203.1 Mode
0[26]), Mode 1 (e.g. ITU P.1203.1 Mode 1 [26]), and Mode 3
(e.g. ITU-T P.1203.1 Mode 3 [26], ITU-T P.1204.3 [27])
models. The fourth type of video quality models are hybrid
models. Here, usually bitstream and pixel information are
combined to estimate video quality.

In addition to measuring video quality, for a holistic
evaluation of QoE of a HAS session, the impact of the
four main factors, namely, audio and video quality, initial
loading, and stalling have to be considered [28]-[35]. Similar
to the estimation of short-term video quality, the integral
quality of a streaming session can be evaluated, e.g., using
subjective tests. Due to the longer viewing time per session,
the number of videos that can be assessed in a given test is
even more limited than for short-sequence tests, making these
tests even more resource-demanding. Therefore, dedicated
models have been developed for the case of long-term integral
quality estimation, complementing or replacing subjective
tests. In this context, ITU-T P.1203.3 [36], [37] was the
first standardized model to assess the integral QoE of HAS
sessions, integrating the effects of audio and video quality
over time, initial loading delay and stalling events occurring
during the session under consideration. The development of
P.1203 mainly focused on the long-term QoE prediction (see
also [38]) for Full-HD and H.264 encoded videos.

To cover newer videos codecs and higher resolutions,
newer video quality short-term models were poposed in
a subsequent standardization competition in ITU-T Study
Group 12 (SG12). One of the standardized models is the
high-accuracy, bitstream-based video quality model P.1204.3
(Mode 3) [22], [27], [39]. It is the candidate by the authors
of this paper winning the bitstream-model competition in
ITU-T SG12. In its standardized form, ITU-T P.1204.3 shows
highly accurate prediction results for short term video quality
prediction, even in comparison to FR models such as
VMAF, see [22], [39]. P.1204.3 is one variant of the novel
video quality model AVQBits (Audiovisual Video Quality
based on Bitstreams) presented in this paper. The model
instance “AVQBits|M3 /P.1204.3” has only been trained and
validated for traditional 2D video contents up to 4K/UHD-
1 resolution and requires full access to the bitstream of the
encoded video, currently with implementations for H.264,
HEVC/H.265 and VP9. In this paper, further instances of
AVQBits are introduced and evaluated for 2D video and for
other video applications.

With the different AVQBits instances, the following
research questions are addressed:

« How can AVQBits be used in cases where only a limited
amount of input data is available for precise video
quality estimation?

o Can the different AVQBits model instances be applied
for video quality assessment of other application scopes
than traditional 2D videos?
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o Is it possible to predict the overall QoE of a longer
(= 1min) HAS session with the introduced AVQBits
model instances?

To address the question of different input data, four
different AVQBits model versions are proposed in this paper.
This includes a type Mode 0, Mode 1 and hybrid no-
reference Mode 0 model, as well as the bitstream-based and
standardized P.1204.3 version of AVQBits. The models are
trained on four databases created by the author group during
the competition ‘“PNATS Phase 2" for developing different
types of video quality models. The “P.NATS Phase 2”” project
was run as collaboration between ITU-T SG12 and the
Video Quality Experts Group (VQEG).! The AVQBits models
are validated on the publicly available AVT-VQDB-UHD-1
dataset [40].

Besides the 2D video used in training and validation of the
models with up to 4K/UHD-1 resolution, the performance of
the four AVQBits variants is characterized for the following
scenarios and databases:

o Gaming video; the models are evaluated on four
different databases, namely, GamingVideoSet [41],
KUGVD [42], CGVDS [43] and a self-developed
dataset based on Twitch streams

o 360° video; the public dataset from [44] is used
to evaluate the applicability for 360° video quality
estimation.

o High Framerate (HFR) video; the performance of the
AVQBits models on videos with framerate above 60 fps
is evaluated using the LIVE-YT-HFR database [45].

Furthermore, to evaluate AVQBits for the case of long-term
videos of a HAS session, the model instances are evaluated
on five databases of longer video sessions between 1 min and
5 min, which have been developed as part of the “PNATS
Phase 2” project, and access to which was provided by the
respective parties.

The source code for all the models along with the
evaluation are made publicly available along with this
paper for further usage and development by the research
community.”

The paper is organized as follows: Section II provides
an overview of the state-of-the-art (SoA), considering the
different types of bitstream and hybrid video quality models
available for video quality assessment of traditional 2D video,
gaming, 360° and HFR video. Following this, the algorithmic
description of the four AVQBits instances is described in
detail in Section III. The databases used for evaluation of
AVQBits for different application scopes are presented in
Section V. In Section VI, the details of the model training
procedure of all the proposed extensions are described.
The detailed evaluation and performance characterization of
the proposed models for different application scopes and

1 https://www.its.bldrdoc.gov/vqeg/projects/audiovisual-hd.aspx

2https:// github.com/Telecommunication-Telemedia-Assessment/p1204_
3_extensions
https://github.com/Telecommunication-Telemedia-Assessment/bitstream_
mode3_p1204_3
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the comparison with SoA video quality models are provided
in Section VII. Finally, the paper concludes with a review
of the modeling approach, results and an outlook for future
work.

Before, proceeding further with the elaboration of the
different sections, a brief overview of the notations used to
represent different model instances proposed in this paper is
provided.

A. NOMENCLATURE

To facilitate readers to follow the naming scheme of
the different model instances, the following notations are
introduced.

o AVQBits: This refers to the complete set of models.

o AVQBits|M3: This is used to denote the Mode 3 instance
of AVQBits which is the same as ITU-T Rec. P.1204.3.

o AVQBits|M 1: The Mode 1 instance of AVQBits.

o AVQBits|M0: This notation indicates the Mode 0 model
instance.

o AVQBits|H0: Hybrid models of AVQBits in general are
denoted by this term.

o AVQBIts|HO|f: This is used to indicate that the hybrid
model instance of AVQBits uses a fixed, pre-defined
codec to generate the as input to the specific AVQBits|HO
instance of AVQBits.

o AVQBits|HO|s: The hybrid model instance of AVQBits
which uses the same video codec for feature extraction
as was initially used to encode the stream to be
evaluated.

It should be noted that the model categories such as

Mode 0, Mode 1, Mode 3 and Hybrid No-Reference Mode 0,
are inspired from ITU-T Rec. P.1203 [35] and P.1204 [46].

Il. RELATED WORK

The SoA discussion presented in this chapter is organized
in different sections, reflecting the four AVQBits variants
proposed in this paper, and the application scenarios. The
sections provide an in-depth overview of the bitstream-based
and hybrid models for video quality assessment, models
for holistic QoE assessment for an HAS session, quality
assessment of gaming, 360° and HFR videos. Partly comple-
mentary, recent model overviews can be found, for example,
in [21] and [22].

A. BITSTREAM-BASED MODELS

Different bitstream models using a diverse set of bitstream
features to estimate video quality have been reported in the
literature. Many early Mode 3-type models that have been
proposed were mainly focused on non-reliable transport and
lower resolutions (< 1080p) [47]-[57].

One of the first Mode 3-type models that focused on
reliable transport is the extension of P.1201.2 for progressive
download for H.264 encoded videos. As with H.264 encoded
videos, Izumi et al. [58], developed a Mode 3 based model
using QP and spatial features based on coding units to
estimate the quality of H.265 [8] encoded bitstreams. Also,
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Huang et al. [59] proposed an approach to estimate the
quality of H.265 encoded videos in terms of PSNR that can
be used either as a bitstream-based or a pixel-based method.
The model includes QP and transform coefficients as features
and has been trained on the LIVE dataset [60] and validated
on the SJITU dataset [61]. Both model variants show a good
performance in terms of PCC.

ITU-T Rec. P.1203 [35] is the first standardized model
for a holistic evaluation of HAS-type video streaming.
This recommendation consists of three different modules
corresponding to video quality [26], audio quality [62]
and the overall quality integration [36]. The video quality
models in ITU-T Rec. P.1203.1 [26] are further divided
into four different modes of operation, depending on the
input information available for quality estimation, namely,
Mode 0, 1, 2 and 3 [38]. These models have been specifically
developed for the HAS scenario and are applicable for
videos encoded with H.264 for resolutions up to 1080p and
framerates up to 30fps. The reference implementation of
this model is publicly available’ [37]. The Mode 3 model
corresponding to the ITU-T Rec. P.1203.1 has been further
extended to be applicable to H.265 encoded videos of
resolution up to UHD-1/4K by Lebreton and Yamagishi [63].

Furthermore, He et al. [64] present a model for quality
assessment of H.264 and H.265 encoded bitstreams. This
model has QP, skip ratio, motion, bitrate and framerate as
the features and shows a performance comparable to the
ITU-T Rec. P.1203.1 Mode 3 model. In addition, early
models for reliable transport and HAS have been proposed
by [65] and [66]. The different approaches and models related
to holistic QoE evaluation where the cumulative effects
of HAS-specific distortions such as momentary audio and
video quality and quality switches, and stalling on quality
perception will be discussed in a subsequent Section II-C.

1) MODE 0
The previous section described the SoA of bitstream models,
with a focus mainly on Mode 3 type models. This section
briefly summarizes the SoA of Mode 0 models. The most
notable Mode 0 model for quality monitoring of video
streaming is the ITU-T P.1203.1 Mode 0 model [26].
As mentioned before, this model is applicable for H.264
encoded videos for resolutions of up to 1080p and framerates
up to 30fps. A first extension of this model for newer
codecs such as H.265 and VP9 was provided by a proprietary
implementation from TU Ilmenau which has been made
publicly available® [37], [38]. This extension used VMAF as
groundtruth to derive the mapping coefficients for the newer
codecs.

Furthermore, Rao er al. [67] propose an extension of
this model to newer codecs such as H.265, VP9, AV1,
and also for videos up to a resolution of UHD-1/4K and

3 https://github.com/itu-p1203/itu-p1203
4https:// github.com/Telecommunication-Telemedia-Assessment/itu-
p1203-codecextension
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framerate up to 60 fps. However, this extension was based
on only two subjective tests with limited encoding settings
unlike the original standardized Mode O model in ITU-T
Rec. P.1203, which was developed based on a large scale
dataset containing 17 training and 13 validation databases.
Furthermore, Lebreton and Yamagishi [63] in addition to
the extending the scope of the Mode 3 model as mentioned
above have also extended the application scope of the ITU-T
P.1203.1 Mode 0 model for H.265 encoded videos for
resolution up to UHD-1/4K.

To shorten the development time and the associated
subjective quality assessment tests needed for such newer
extensions, Yamagishi et al. [68] proposed a generic method
to derive coefficents for metadata-based models for adap-
tive bitrate streaming services. The proposed method uses
full-reference model scores as groundtruth to estimate new
coefficients.

2) MODE 1

A Mode 1 model has access to frame type and frame
size information for quality estimation, in addition to the
metadata on bitrate, resolution and framerate, as for Mode
0 models. This additional access to the frame type and frame
size information allows the quality estimation process to be
content-dependent. As with the Mode 0 model, the ITU-T
Rec. P.1203.1 Mode 1 model [26] is the first standardized
model of this type for the HAS scenario and has been
trained on the same 17 databases and validated on the same
13 databases as the Mode 0 model.

Another example of a Mode 1 model is the Bitstream-based
Quality Prediction of Gaming Video (BQGV) [43]. It has
been developed along the lines of P.1203.1 Mode 1. It has
been shown to have a good performance both in terms of PCC
and RMSE. As it is the case for the P.1203.1 Mode 1 model,
too, this model is applicable to videos of resolutions up to
FHD (1920 x 1080 pixels).

B. HYBRID MODELS

Similar to the pixel-based models, hybrid models can be
classified into different categories depending on the access
to the reference video for quality estimation. These include
hybrid-FR, hybrid-RR and hybrid-NR models which have
complete, partial and no access to the reference video,
respectively. Furthermore, each of the categories can be
divided into Mode 0, 1 and 3 based models, depending on
the amount of bitstream information available as input.

Yamagishi et al. [69] present a hybrid-NR model for the
IPTV scenario using information from packet headers and
pixel-based spatial and temporal information for quality
estimation [70]. The model is applicable for H.264 encoded
videos of resolutions up to 1440 x 1080 and framerates up to
30 fps.

Another example of a hybrid model for non-reliable
transport is the model proposed by Farias et al. [71]. Like the
model presented in [69], this model, too, is applicable only
for H.264 encoded videos, in light of the video technology
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primarily used at the time. Similarly, the ITU-T J.343 series of
recommendations also propose standardized hybrid models
of all types, for the case of non-reliable transport.

Moreover, Osamu et al. [72] propose a mode 3 hybrid-
NR model where the QP is used as the bitstream feature,
along with the pixel-based spatial and temporal information
to calculate video quality [70]. This model is again restricted
to videos encoded with H.264 only.

More recently, hybrid models have been developed also for
the HAS scenario. One example is the recently standardized
ITU-T Rec. P.1204.5 which is a Mode 0 hybrid-NR
model. It was developed as part of the same modelling
competition as the bitstream-instance of AVQBits, ITU-T
Rec. P.1204.3 discussed in this paper. Like all P.1204 models,
the P.1204.5 model is applicable to videos encoded with
H.264. H.265 and VP9 with resolutions up to UHD-1/4K and
framerates up to 60 fps. As it has been indicated in [22], the
model shows a good performance in comparison with SoA
models.

Another Mode 0 hybrid-NR model called “hyfu’ has been
developed by Goring et al. [73] as part of a larger framework
for pixel-based video quality models using machine learning.
Accordingly, atits core, “hyfu” is a random forest (RF) based
model. The model has been trained on four databases and
validated independently on the four tests of the AVT-VQDB-
UHD-1 database [40]. The application scope of “hyfu’ is the
same as ITU-T Rec. P.1204.5. The results show that the model
performs well in comparison with the SoA models in terms
of both PCC and RMSE.

C. INTEGRAL QUALITY

In general, a typical HAS session is characterized by various
factors such as initial loading delay, momentary audio and
video quality and quality switches, and stalling. A holistic
QoE evaluation model has to consider all these factors,
while also taking into account the time at which these
changes occur in a video viewing session (see also [74]).
ITU-T Rec. P.1203.3 is the first standardized model that
incorporates all these factors. Here, ITU-T Rec. P.1203.1 and
P.1203.2 are used to compute the video and audio quality,
respectively, of each segment at a per-second level. In the
integration module P.1203.3, the per-second audio and video
quality values are further aggregated with regard to their
time of occurence, the longest quality change, and the total
number of quality changes, to obtain the final audiovisual
quality of the video. A second component called *stalling
quality” that handles the impact of initial loading delay and
stalling is computed using the number of stalls, average
stalling duration, and average interval between stalls as
features. Then, the overall audiovisual quality and the stalling
quality are integrated to obtain the initial overall quality.
Besides a parametric, curve-fitting-based model component,
a RF-based approach is used to compute the overall quality
using features such as per-second video and audio quality
scores, stalling ratio, stalling frequency, duration before the
last stalling event etc. The final overall integral quality is the

VOLUME 10, 2022

convex linear combination of the initial overall quality and
RF-based overall quality. This model is applicable to videos
of durations between 1 and 5 minutes and the implementation
is publicly available.’

As the ITU-T Rec. P.1203 model only covers H.264
encoded videos, Lebreton and Yamagishi [63] have further
extended ITU-T Rec. P.1203 for H.265 encoded videos of
resolutions up to UHD-1/4K. For this purpose, six subjective
evaluations with varying encoding conditions involving up to
192 participants in total were used.

In addition to this, other models for holistic QoE evaluation
have been proposed [66], [75], but unlike the ITU-T Rec.
P.1203.3 these models have not been trained and validated
on large-scale databases.

D. VIDEO QUALITY MODELS FOR GAMING VIDEOS
Besides traditional 2D video, there has been a significant
increase in gaming video streaming. As a result, a number
of video quality models dedicated to gaming video quality
evaluation have been proposed in the literature. The focus
has mainly been the development of no-reference video
quality models, due to the lack of high quality reference
videos in a gaming video streaming session. NR-GVQM is an
example for machine-learning-based NR-models specifically
developed for video quality estimation of gaming videos [76],
which uses a support vector regression (SVR) for prediction.
VMATF was used as the groundtruth for model training, and
hence this model can be viewed as a no-reference counterpart
to VMAF. The model was trained and validated with the
GamingVideoSet [41]. The model shows a good performance
in terms of PCC on the validation set.

Another NR-based gaming video quality model was pro-
posed by Goring et al. [77] referred to as “‘nofu”. It is based
on a number of features that are integrated using a random
forest model. It is trained on the Gaming VideoSet [41] dataset
and shown to perform well based on 10-fold cross-validation.

Using a similar approach, Barman et al. [42] develop two
NR model instances, namely, “NR-GVQSI” and “NR-
GVQSE”, with NR-GVQSI using subjective MOS and
NR-GVQSE using VMAF as the training groundtruth. The
models were trained and tested using two different datasets:
KUGVD [42] and GVS [41]. The model was trained on GVS
using a 10-fold cross validation strategy. Additionally, it was
tested on KUGVD for its performance using MOS scores.
Both models are shown to perform well in terms of PCC and
RMSE considering subjective (MOS) ratings.

In addition to other machine-learning-based models, deep
learning approaches have been explored to develop gaming
video quality models. One example of such a model is
the NDNetGaming model proposed by Utke et al. [78],
which shows a good performance in terms of PCC on
the KUGVD [42] dataset. A further extension of the
NDNetGaming model called “DEMI” has been presented
by Zadtootaghaj et al. [79]. “DEMI” incorporates a more

5 https://github.com/itu-p1203/itu-p1203
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sophisiticated pooling of the per-frame quality scores to
obtain the per-segment quality score, in addition to other
improvements. This model is developed to be applicable to
non-gaming videos, too. The performance of the model was
evaluated on the CGVDS [43] dataset, showing the model to
be on par with or better than SoA models.

Although a bigger focus has been on pixel-based NR
models for gaming video quality assessment, some studies
have investigated bitstream-based models for gaming video
quality prediction. One example of a gaming specific
bitstream-based model is the BQGV proposed by [43], which
is described in Section II-A2. A 5-fold cross validation
approach using the CGVDS [43] dataset was done for perfor-
mance evaluation, and it has been reported to outperform the
ITU-T Rec. P.1203.1 Mode 1 and Mode 3 models. However,
it should be noted that the ITU-T Rec. P.1203.1 Mode 1 and
Mode 3 models were not retrained for gaming videos in that
study.

Moreover, a gaming specific planning model called
GamingPara has been presented by Zadtootaghaj et al. [43].
The model is shown to outperform ITU-T P.1203.1 Mode 0 on
gaming data.

In addition, the standard ITU-T Rec. G.1072 comprises a
video quality component that can be used to evaluate gaming
video quality. It is based on retraining the video quality
component of the IPTV-related planning model described in
ITU-T G.1071 [80].

E. VIDEO QUALITY MODELS FOR 360° VIDEOS

Like for gaming video quality assessment, pixel-based
models have been the main focus of the quality assessment
of 360° videos. For example, variants of PSNR to take into
account the possibility of viewing of 360° in all directions
have been proposed. S-PSNR [81], a sphere-based PSNR
computation and WS-PSNR [82], a position-weighted PSNR
have been proposed as quality metrics to ultimately increase
compression efficiency while maintaining a similar quality.

Tran et al. [83] conducted a performance evaluation of
360° video quality metrics considering different variants of
PSNR including S-PSNR and WS-PSNR, among others.
They concluded that the traditional approach of calculating
PSNR was the most appropriate for 360° video.

More perception-oriented, traditional 2D video quality
models such as VMAF have also been evaluated for quality
assessment of 360°. For example, Fremerey et al. [44]
evaluated the applicability of both the original version of
VMATF and the centre-cropped version of VMAF [84] for
360° video quality evaluation and reported good performance
in terms of PCC. Also Orduna et al. [85] report similar
results for VMAF as reported by Fremerey et al. [44] for
360° video quality evaluation. Furthermore, extensions to
VMAF to make it more suitable for 360° video quality
evaluation have been proposed. To this aim, Croci et al. [86]
present a Voronoi-based extension of VMAF. In addition
to the Voronoi-based extension of VMAF, the study also
presents Voronoi-based extensions for PSNR, SSIM and
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MS-SSIM and report that the Voronoi-based extensions
generally outperform their traditional counterparts for 360°
video.

More sophisticated models based on neural network
approaches have also been proposed. For example,
Li et al. [87] present a viewport-based convolutional neural
networks (V-CNN) to estimate 360° video quality and is
shown to outperform the SoA models. The model is also
capable of predicting viewport saliency.

In addition to the mentioned pixel-based models, bitstream
and hybrid models could also estimate 360° video quality.
One example is Yao et al. [88], who propose a series of
bitstream-based and hybrid models using QP as the bitstream
feature and additional features such as spatial genre (simple
versus complex), temporal genre (slow- versus fast-paced)
and projection scheme. The described models are reported
to outperform S-PSNR-I and V-PSNR based on a three-fold
cross-validation approach. Moreover, Fremerey et al. [44]
presented lightweight metadata-based and hybrid models
for the quality assessment of 360° videos. The hybrid
model calculates spatial and temporal information (SI, TI,
cf. [70]) as input features, in addition to metadata such
as bitrate, framerate and resolution. Both presented models
show performance comparable with the SoA models such as
VMAF, ADM2, WS-SSIM, and VIF.

Besides the aforementioned models, extensions to existing
bistream models were proposed to accommodate 360° video-
specific transmission aspects such as tile-based streaming.
In this regard, Koike et al. [89] introduced a tile-based
extension of the recently standardized ITU-T Rec. P.1204.3
(i.e., the model addressed in the present paper as the
bitstream-based instance of the proposed AVQBits model),
and report good performance in comparison with subjective
test results. Also, Yang et al. [90] propose a full-reference
quality assessment method for panoramic videos which
outperforms traditional models and metrics such as PSNR,
SSIM and VQM.

F. QUALITY ASSESSMENT OF HFR VIDEOS
The UHD-1/4K and UHD-2/8K standards cover higher fram-
erates compared to traditional cinema or TV, which usually
has 24 fps or 30 fps. In the following section, the SoA will
be briefly analyzed considering the video quality assessment
or prediction of videos with a higher framerate of > 60 fps.
A study on the impact of framerate on perceived quality
was conducted by Mackin et al. [91] in which videos with
framerates varying from 15 Hz to 120 Hz were analyzed. The
subjective evaluations conducted using these videos show
a significant relationship between framerate and perceived
video quality. Further, it was observed that the effect of
framerate on perceived video quality is content dependent.
The study also reports diminishing improvements in terms of
quality as framerates increase.

Furthermore, Mackin et al. [92] develop a high-framerate
video quality database, BVI-HFR, containing videos cap-
tured at a framerate of 120fps. Based on their tests they
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conclude that models such as FRQM [93] which explicitly
account for temporal distortions are more accurate in
predicting video quality as compared to traditional metrics
such as PSNR.

In addition to this, Madhusudana et al. [94] conduct a
large-scale study on the subjective and objective quality
of high framerate video with framerates up to 120f{ps.
An evaluation of existing FR and NR models has been
performed, and it has been reported that the GSTI [95] model
outperforms all the SoA models including VMAF.

Furthermore, Lee et al. [96] conducted a subjective and
objective assessment of the video quality of space-time
subsampled videos. The evaluation shows that the VSTR
model proposed by Lee et al. [97], which is specifically
developed to take into account the joint perceptual effects of
spatio-temporal subsampling and compression, outperforms
all the considered SoA models including VMAF.

G. SUMMARY

To sum up, it can be concluded that a large number of
video quality models have been proposed in the literature for
quality evaluation of videos for particular application scopes
covering traditional 2D video, gaming video, 360° video
and HFR video. Except for VMAF, none of the presented
models scale well across different application scopes. VMAF
is an FR model and may not be suitable in all scenarios,
because of its rather high computational complexity and
also the lack of reference videos in some applications,
for example, as in case of gaming video streaming. This
necessitates the development of lightweight models which
can be used for different application scopes and can also
be adapted based on the available input information. With
this goal, this paper proposes different instances of AVQBits,
one of which being the standardized ITU-T Rec. P.1204.3,
and further instances addressing different types of available
model input information. In total, four different AVQBits
instances are presented, three being bitstream-based, with one
being the P.1204.3 model, and one further, hybrid model.
All four AVQBits instances are evaluated and characterized
when applying them out-of-the-box to different application
scopes. Furthermore, a QoE integration model for longer
HAS session scenarios is presented which can use any of
the AVQOBiIts model instances as the underlying video quality
estimation module.

Ill. MODEL DESCRIPTION

This section is focused on demonstrating the versatility of
the AVQBits model in terms of scalability and adaptability
regarding the available input information, starting with the
standardized ITU-T P.1204.3 model. In the paper, model
instances of two different types are introduced, namely,
bitstream-based and hybrid. For the bitstream domain, the
focus is on the ITU-T P.1204.3 standard, which is a
Mode 3 model with access to full bitstream information,
referred to as AVQBits|M3 in the following. Two further
AVQBits instances are considered for application scenarios
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where the full bitstream information is not available. For
these cases, Mode O and Mode 1 variants of AVQBits
are proposed (AVQBits|M0, AVQBits|M1). To describe all
AVQBits instances, the AVQBits|M3 algorithm with its full
Mode 3 bitstream access forms the starting point. The
Mode 0 and 1 instances are implemented by synthetically
generating missing model input information based on the
Mode 0 or 1 type information available, as will be outlined
in subsequent sections. For the case that only Mode 0 type
metadata is available, but a more accurate video quality
estimation is sought than what can be achieved with a Mode
0 model, a hybrid no-reference Mode 0 model instance of
AVQBits is proposed (AVQBits|HO0). It has access to Mode
0 metadata and the decoded pixel information. The pixel
information is used as an additional input by converting the
degraded video into a “quality-equivalent” bitstream using
an external video encoder, and then applying the existing and
unchanged full-bitstream-based AVQBits|M 3.

The general model structure of the proposed AVQBits
model is shown in Figure 1. The approach is centred
around the full-bitstream-based video quality model by
the authors [39] standardized as ITU-T P.1204.3, i.e.
AVQBits|M 3. For example, in case of a Mode 0 or Mode
1 model, the required parts of the full-bitstream AVQBits|M 3
model are adapted to handle the input and use the underlying
other components for the final prediction. For the hybrid
case, in a first iteration a quality-equivalent video bitstream
mimicking the original bitstream is created.

To enable reproducibility, an open-source reference imple-
mentation of all the proposed models is made publicly
available with this paper.®

A. MODE 3 MODEL - ITU-T P.1204.3

All AVQBits instances are based on the Mode 3 AVQBits|M 3
model (ITU-T Rec. P.1204.3). Hence, its algorithm is
described here first, followed by the different further AVQBits
instances. An overview of ITU P.1204.3 model is shown in
Figure 2, which highlights the individual components of the
AVQBits general structure. It should be noted that the model is
developed for two different target device categories, namely,
PC/TV and Mobile/Tablet (MO/TA). A detailed description
of the model is presented in [39]. This and all further models
presented here are applicable to videos encoded with the
H.264, H.265 and VP9 codecs. An extension to AVI is
currently underway. For all codecs, a corresponding bitstream
parser is used to extract the relevant bitstream information as
input to AVQBits|M 3. The model consists of two components,
a traditional curve-fitting-based component (referred to as the
“Core Model”) and a machine-learning component, which
are described in more detail in the following sections.

1) CORE MODEL
The “Core Model” is based on the principle of degradation-
based modeling, similar to ITU-T Rec. P.1203.1 [38].

f’https ://github.com/Telecommunication-Telemedia-
Assessment/p1204_3_extensions
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FIGURE 1. General model structure of AVQBits including all the four presented models.

It is initially inspired by the so-called E-model for speech
quality [98]-[100], also based on the work on modelling
television picture quality by [101]. In the core model, three
different degradations expressed on a [0, 100] scale are con-
sidered: quantization degradation D, upscaling degradation
D, and temporal degradation D;. Values on the 100-scale
can be mapped to the 5-point ACR-scale used in subjective
test (i.e. the resulting mean opinion score, MOS) using the
S-shaped transformation from the E-model [100], as further
described below. This way, scale-compression effects of the
ACR-scale at the scale ends can be avoided [99], improving
predictions especially for the higher-quality range of the
scale.

2) QUANTIZATION DEGRADATION: Dq

The observable degradation that results from the chosen
quantization settings during the encoding process is termed
as “Quantization degradation” (D), see also [26], [38].
This type of degradation manifests itself as blockiness or
deblocking-filter-related blurring to the end-user. Since this
type of degradation is dependent on the specific encoding
settings, the “Core Model”” handles D, separately per codec.
The number of codec categories is extended from the initial
three (H.264, H.265, VP9) to five, by including the bit-depth
information and splitting H.264 and H.265 into 8- and 10-bit
variants.

D, is a function of the quantization parameter (QP)
used to encode the video, which is extracted as model
input information using the respective bitstream parser.
To calculate Dy, firstly, guant, which is the normalized value
of the QP is defined, cf. Equation (1).

quant = QPnon—Iframes )

QP max

Here, QP,4y is codec and bit-depth dependent.

OPx = 51, H.264-8-bit and H.265-8-bit 2)
OP0x = 63, H.264-10-bit and H.265-10-bit 3)
QPmax = 255, VP9 (4)
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OP on—Iframes 18 the average of the QP for all non-I frames
for an entire segment.

The resulting quant € (0, 1]. This quant value is then used
to estimate mos,, see Equation (5).

mosy = a+ b - exp(c - quant + d) (5)

mosy is used to estimate D, 4y, that uses RfromMOS as
the mapping function to map the 5-point ACR scale to a
100-point scale similar to the one recommended in ITU-T
G.107 [100].

Dy _raw = 100 — RfromMOS (mos,) (6)

The final D, value is the result of constraining Dy 4y to
[0, 100] as shown in Equation (7).

D, = max(min(Dy_yqw, 100), 0) @)

3) UPSCALING DEGRADATION: D,

In addition to the degradations resulting from the chosen
encoding settings, there are observable degradations resulting
from upscaling the distorted video to the screen resolution
during playback, which can be perceived by an end-user
as blurriness. This kind of degradation is termed as the
upscaling degradation (D,,). Hence, the ““Core Model”” should
be able to account for this upscaling degradation and it is
assumed that this degradation is codec-independent. Due to
the fact that in real-world streaming scenarios, upscaling is
typically performed by the player software, where streaming
resolutions lower than the target screen resolution typically
are aresult of the adaptive streaming of bandwidth-dependent
representations, this degradation is assumed to be codec-
independent.

Dy yaw = x -log(y - scale_factor) 8)
D, = max(min(Du_FaWa 100), 0) 9

Equation (8) shows how D, is estimated, where D, is
the [0, 100] constrained value of D, 4, with log being the
natural logarithm. The scale_factor is calculated according
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FIGURE 2. General model structure of the AVQBits|M3 / P.1204.3 model.
to Equation (10) Mpar = scaleto5(Mp, , 5)) (16)
coding_res i ini iecti
scale_factor = (10) During training of the model, the subjective scores were

display_res

as the ratio of coding and display resolution, with
display_res = 3840 x 2160 for PC/TV and 2560 x 1440 for
mobile/tablet. coding_res is the resolution of the encoded
video and is expressed in terms of height x weight. The
scale_factor is always limited to values € (0, 1].

4) TEMPORAL DEGRADATION: D;

Finally, the “Core Model” handles the degradations due to
the adjustment of the lower framerate representations to the
display framerate as temporal degradation (D;). This type
of degradation may be perceivable as jerkiness. Similar to
upscaling D, it is handled in a codec-independent fashion
and is estimated as follows:

Dy, = z-log(k - framerate_scale_factor) (11)
D; = max(min(D; 4y, 100), 0) (12)

The temporal degradation D; is mainly a function of
the encoded and the display frame rates (the latter
assumed to be constant with 60) that are combined in a
framerate_scale_factor, cf. Equation (13), a value scaled in
the range (0, 1]:
coding_framerate
framerate_scale_factor = ————— (13)

60

5) PREDICTION

The Equation (14) describes the final prediction of the
“Core Model”, My, . Here, the described degradation-based
approach is shown, using the 100-scale, My, (- The final
prediction is further rescaled to a 5-point MOS-scale,
Equation (15). Here, MOSfromR is the inverse mapping from
the 100-point scale to the 5-point scale, similar to the one
recommended in ITU-T G.107 [100].

MP[O.IOOJ = 100 — (Dq + Dy + Dy) (14
My, 4 5; = MOSfromR(Mp, 14,) (15)
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linearly mapped to a 4.5-point scale from the 5-point scale
in order to avoid information loss due to the RfromMOS
and MOSfromR computations, since both of these mapping
functions assume that the highest MOS that can be reached is
4.5. Hence, the coefficients predict the video quality scores on
a4.5-scale, denoted as Mp,, , 5, Consequently, as a final step,
the predictions on the 4.5-point scale are mapped back to the
full 5-point scale range using a simple linear transformation,
denoted as scaleto5, Equation (16), resulting in the final
prediction of the parametric core model Mpq; .

6) MACHINE-LEARNING-BASED VIDEO QUALITY MODEL
The second part of the model is based on a machine-learning
approach. Itis used to estimate the ““residual’’, that is, the part
of the MOS that the parametric “‘core model” part is unable
to predict.

This machine-learning part of the model uses Random
Forest (RF) regression as the underlying machine-learning
algorithm, and is referred to as Mgr in the following. Two
different RF models, one each for the PC/TV and MO/TA
cases are trained.

In addition to the features the ‘“Core Model” uses,
bitstream features such as the average motion per frame,
motion in the x-direction (horizontal motion) and frame sizes
with frame types are extracted with the bitstream parser
and employed as model input. The aggregated features are
detailed in [39]. The Random Forest model Mgr uses 20 trees
with a fixed depth of 8. The final output is calculated as shown
in Equation (17):

MgFr = Mpq, + predicted_residual a7n

Hence, the RF-based quality prediction is the addition of
the predicted residual value predicted_residual to the Mp,,
value predicted by the core model.

It should be noted that a more detailed description of the
“Core Model” is provided as compared to the RF model
as the “Core Model” is specifically re-instantiated for the
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development of the AVQBits|M0 and AVQBits|M'1 models
while the RF model is used only in case of AVQBits|M3 /
P.1204.3 and AVQBits|H(0 models.

7) OVERALL VIDEO QUALITY PREDICTION

The overall final video quality prediction is the convex linear
combination of the predictions from the parametric M), and
machine learning parts Mgr. In this case, equal weights, thus
w = 0.5, are assigned to both of the predictions, shown in
Equation 18. Considering Equation (17), it is shown that the
RF residual part overall has a weight of 0.5, with the core
model prediction being weighted with 0.5 4+ 0.5 = 1.

Prediction = w - Mpar + (1 —w) - Mgp (18)

To enable reproducibility, an open-source reference imple-
mentation of the model along with the ffmpeg-based
bitstream parser for all three codecs H.264, H.265 and VP9
is made available,’ including also the trained random forest
model.

8) PER-1-SECOND SCORE PREDICTION
In addition to the overall per-segment video quality score,
the model also outputs per-1-second scores. The per-1-second
score is calculated using Equation (19).

QPnon—I,per—seg

per — 1 — sec — score = X Prediction

Pnonfl,perfsec

(19)
where,
o OPyon—1,per—seg 18 the average QP of all non-I frames in
a segment

o OPon—I,per—seg 1s the average QP of all non-I frames for
each second
o Prediction is per-segment video quality score described
in Equation (18)
It should be noted that the per-l1-second scores are
calculated with a non-overlapping 1-sec window.

B. MODE 0 MODEL

A Mode 0 model is the least complex of bitstream models,
both in terms of available input information and computa-
tional complexity. It has access to metadata such as bitrate,
resolution, framerate and codec information as available
input for video quality estimation. The proposed Mode
0 model AVQBits|M0 instantiates the AVQBits model using
the same general model structure as outlined for AVQBits|M 3
above and underlying ITU-T Rec. P.1204.3, with some
key modifications which are indicated in Figure 3. The
traditional curve-fitting-based part of AVQBits|M 3, referred
to as the “Core Model” in Sec. III-A, is exclusively used
in AVQOBIts|M0, due to the limited numbers of features
available for a Mode O model. The RF-based model
component of AVQBits|M3 for the residual is not used

7https://github.com/Telecommunication—Telemedia—
Assessment/bitstream_mode3_videoparser
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in AVQBits|MO0, and with the purely metadata-based input
information, the model is not content-aware. The ‘“Core
Model” is made up of three different degradations, namely,
coding/quantization degradation, upscaling degradation and
temporal degradation. For the Mode 0 instance AVQBits|M 0,
the focus only is on the quantization degradation, because
this part is the only one affected by the lack of full-bitstream
information.

The quantization degradation in case of AVQBits|M3 is
a function ‘“quantization parameter” (QP), which is codec
dependent. Since in a Mode 0 model, there is usually no
access to the bit-depth information as input, only three codec
categories are defined, namely, H.264, H.265, and VP9,
in contrast to five codec categories in AVQBits|M3, see
Sec. III-A. Accordingly, QP,,, which is required to define
quant as proposed in Equation 1 is restricted to one of the
following two values based on the used codec.

OPpax = 63, H.264 and H.265 (20)
OPpax = 255, VP9 1)

Because QP is not accessible as direct input information
in case of a Mode 0 model, it is approximated using the
available metadata information, namely, bitrate, resolution
and framerate, see Equation 22.

QPpred = aqpim() + bqpﬁmo . log(bltrate)
+cgp_mo - log(resolution)
+dgp_mo - log(framerate) (22)

The resulting quant is defined as in Equation 23 and is
content agnostic, due to the lack of content-specific features.

QP pred

QPmax

Using quant as defined in Equation 23, quantization degra-

dation is calculated as described in Sec. III-A2 (Quantization

Degradation: D). As a result of using QP4 instead of the

actual QP value as in AVQBits|M 3, the coefficients related

to the quantization degradation should also be re-trained by

taking into account the QP4 values. The training procedure
and the resulting coefficients are detailed in Section VI-B.

quant = (23)

1) PER-1-SECOND SCORE PREDICTION

For the AVQBits|M 0 model, no separate windowing approach
is used unlike in the case of AVQBits|M3 / P.1204.3 and
hence the per-1-second scores is just equal to the per-segment
scores.

C. MODE 1 MODEL

In addition to the metadata such as bitrate, resolution,
framerate and codec information, a Mode 1 model has access
to framesize and frame type information. This information
enables the inclusion of source-, and hence, content-specific
features into the model. Like the Mode 0 model AVQBits|MO0,
the Mode 1 model AVQBits|M 1 introduced in this paper
is based on the same general model structure as that of
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FIGURE 3. General model structure of the AVQBits|M0 model.

AVQBits\M3 (i.e. ITU-T P.1204.3) and just modifies the
information pre-processing for the “Core Model”, as seen
in Figure 4 which is a reduced variant of the general model
structure shown in Figure 1 for clarity. Here too, the focus
is on the quantization degradation Dy, as it is the only
Mode-dependent part of the model.

As in Mode 0, the AVQBits|M 1 model has been developed
for three codecs, namely, H.264, H.265 and VP9, for one
single bit-depth, as the exact profile usually cannot be
known based on the available input information. Hence, the
same QP values are used for the three categories as for
AVQBIts|M 0, cf. Egs. (20) and (21).

For the purpose of QP estimation, two new features using
the framesize and frametype information are defined in
Equations (24) and (25).

The feature fsratio represents the ratio between the average
sizes of I-frames and non-I-frames for a given segment under
consideration:

1/Nr Y (51,0
1/an Z,'(Snl,j))

Here, Sy ; is the size of I-frame i, Sy ; is the size of a non-
I-frame, that is, P- or B-frame, which are treated alike for
this calculation, with index j. Nj is the overall number of
I-frames, N,; the overall number of non-I-frames. Like for
AVQBits|M 3, all I-frames i and non-I-frames j belonging to a
given segment under consideration are used.

The second feature introduced is the mean size of non-I-
frames ms_nl.

fsratio = 24)

ms_nl = 1/Nu »_ Sur,j (25)
j

As in AVQBits|M 1, QPprq is calculated according to
Equation (26).

) pred = Agp_ml
+bgp_mi - log(ms_nI)
+cgp_m1 - log(resolution)
+dgp_m - log(framerate)

+egp_m1 - log(fsratio) (26)
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Considering the QP estimation of gp_ml following
AVQBits|M 0, the quantization degradation is retrained to be
Mode 1 specific. The details of the training procedure and the
final coefficients are described in Section VI-C.

1) PER-1-SECOND SCORE PREDICTION
Like the AVQBits|M 0 model, the per-1-second scores for the
AVQBits|M 1 model is just equal to the per-segment scores.

D. HYBRID NO-REFERENCE MODE 0 MODEL

As mentioned earlier, a hybrid no-reference Mode 0 model
has access to both the metadata and the decoded pixel
information of the distorted video to estimate video quality.

The main idea of the proposed model is to create a
“quality equivalent bitstream” (QEB) which is similar to
the original bitstream using the decoded pixels and the
provided metadata. After the QEB is created, the AVQBits|M 3
model (i.e. ITU-T P.1204.3) is applied with slight changes.
A somewhat related approach has been used in ITU-T Rec.
P.563 [102] to provide a more general description of the
received speech quality, which is given by comparing the
input signal with a pseudo reference signal generated by a
speech enhancer.

The process of creating the QEB is shown in Figure 1
and Figure 5, wherein the provided metadata such as
bitrate, resolution, framerate, and codec information is
used. The distorted video is re-encoded with the encoding
settings corresponding to the metadata following a 1-pass
encoding strategy. This is based on the results reported in
Stankowski et al. [103] that the quality loss across different
QP values remains constant for a second round of encoding,
which can be compensated by the model due to the use
of QP as the feature for quality estimation in the Core
Model. Furthermore, the QP that an encoder chooses for a
bitrate-resolution during the QEB generation process will be
in the same range as that of the initial encoding due to the
same bitrate and resolution settings.

In the following, two variants of the hybrid no-reference
Mode 0 model AVQBits|HO are proposed. These variants
are based on the codec used to re-encode the video and
are referred to as the “‘same” and “fixed” codec variants.
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In case of the ““same’ codec variant, hereafter referred to as
AVQBits|HO|s, the QEB is created using the codec specified
by the metadata. After the QEB is created, the AVQBits|M 3
model ITU-T P.1204.3 is directly applied to estimate the
video quality without any modifications.

The second, “fixed” codec variant, is referred to as
AVQBits|HO|f in the following. By using a fixed, pre-defined
codec to create the QEB, no stream-specific encoding and
then bitstream parsing is needed, reducing the complexity
of the implementation. After the creation of the QEB, the
AVQBits|\M3 model ITU-T P.1204.3 estimates the video
quality. For the proof-of-concept of AVQBits|HO|f presented
in this paper, H.265 is selected as the codec to create the
QEB, irrespective of the codec used to generate the original
bitstream.

Different codecs have different impact on quality for a
given specific setting. Since H.265 is used to create the
QEB irrespective of the codec to generate the original
bitstream, the initially estimated quality of this QEB may not
optimally reflect the impact of the original codec. As a result,
to estimate the final quality score, a simple linear mapping
function is proposed that takes into account the impact of
the original codec on quality to map the initial prediction
of the ITU-T P.1204.3 model to the respective codec
characteristics.

Prediction = acpmqp - Predictionys + bemap 27
where, Predictionyys is the prediction from the AVQBits|M 3
P.1204.3 model and dacnep and bepgp are codec-specific
mapping coefficients. The coefficient values are provided in
Section VI-D.

It is noted that besides this instance of the “fixed” codec
hybrid model variant presented as proof-of-concept, other
realizations can be conceived. For example, a more sophis-
ticated codec-specific mapping function can be developed
instead of the simple linear mapping as proposed in this work.
Further, in principle also another of the three encoders and
hence bitstream-parsers can be used to create and analyze
the QEB. With H.265, the newest of the three codecs was
selected, and currently developed updates of the proposed
models can use even newer codecs such as AV1 or VVC.
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The impact of the “fixed” instead of the “same” codec
variant on quality prediction accuracy is extensively analyzed
in Sec. VII-A.

IV. OVERALL INTEGRAL QUALITY: MODEL DESCRIPTION
Usually there is a tendency to treat QoE as a static event,
and the QoE measured for a stimulus of delimited length is
assumed to be stable along its duration. However, this rarely
happens for stimuli extending over several minutes [74]. This
can be well observed in a typical HAS session lasting several
minutes, which may include different quality-related events,
for example, quality switching, initial loading delay, and
stalling. Hence, any model designed to estimate the overall
integral quality of a HAS session has to take into account the
impact of these events.

ITU-T Rec. P.1203.3 [36] is the first standardized model
that takes into account all these factors to predict the QoE
of a HAS session [37]. This model takes per-1-second video
and audio quality scores, stalling-related information and
the device type (either “PC/TV” or ‘“Mobile/Tablet”) as
input to calculating the QoE of an HAS viewing session.
The main model output (referred to as 0.46 in [36]) is a
final media session quality score on the 5-point ‘“MOS-
scale”. Further, besides the parametric input information,
the model produces intermediate values that can be used
for HAS-system diagnostics, such as a perceptual stalling
indication, audiovisual segment coding quality per output
sampling interval, and a final audiovisual coding quality
score. The design of the subjective tests conducted to
gather groundtruth for model training and validation used a
restrospective rating by the participants on a 5-point ACR-
scale given at the end of an audiovisual stimulus lasting
between 1 — 5min. Due to this test design, it becomes
pertinent to address cognitive effects such as the recency
effect and primacy effect (see, e.g., [74] for more details
and references around these effects). Accordingly, ITU-T
Rec. P.1203.3 considers these cognitive effects as part of the
model.

In this paper, a long-term integration model specifically
designed for the four types of AVQBits models is presented,
which is based on ITU-T Rec. P.1203.3 [36]. It relies on
the same model structure as P.1203.3, adapting the final
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FIGURE 5. General model structure of the AVQBits|HO model.

audiovisual coding quality estimation, using more accurate
short-term video quality models such as ITU-T P.1204.3. The
final audiovisual coding quality score 0.35 in ITU-T Rec
P.1203.3 is estimated following Equation 28.

0.35 = 0.35paseline—negBias—oscComp

—adaptComp
> wi) - wat) - 0.34[r]
D wit) - walt)

—1
wi(t) =1 + 1 - exp <IL)
3

wo(t) = tg4 — t5 - 0.34[¢]

0-35baseline =

(28)

Here, 0.34 is the audiovisual segment coding quality
per output sampling interval. The values w; are weighting
coefficients specified in the standard [36], [37]. The three
factors negBias, oscComp and adaptComp are used to take
into account certain temporal effects related to video-quality
fluctuations. In the proposed model, these three factors are
ignored, reflecting two assumptions:

1) The per-second and per-segment scores of the ITU
P.1204.3 model are generally more accurate than those
from the short-term video-quality module variants
of ITU-T Rec. P.1203.1 [26], [38], where these
were re-engineered from the final, retrospective and
longer-session media session quality score (0.46) (see,
e.g., [38] for more details).

2) This re-engineering may have been impacted by
specific ITU-T P.1203.1 implementations, and thus be
very specific for data created as part of the ITU-T
P.1203 development process, and not optimally suited
for the AVQBits variants proposed in this paper.

The AVQBits|M 3 model at the starting point of this paper
was specifically trained on short-term videos, and hence
is capable of more accurately estimating both per-segment
and per-1-second video quality scores. As a result, the new,
simplified 0.35 is given by Eq (29).

0.35 = 0.35paseline (29)
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It should be noted that no other changes to the model
algorithm or coefficients inherited from ITU-T P.1203.3 have
been applied.

In the following, the subjective test databases used to train
and validate the different model instances will be outlined.

V. SUBJECTIVE VIDEO QUALITY DATASETS

The datasets to train, validate and evaluate the performance of
the different AVQBits instances for HAS-type encoded video
and validate the models for other applications are described
in this section.

The following listed datasets are used for the training and
validation of the AVQBits models, and are described in detail
in the remainder of this section.

o PNATS-UHD-1 (Training and validation datasets cre-
ated as part of the “P.NATS Phase 2/ AVHD”* modelling
competition cf. also [22])

o AVT-PNATS-UHD-1 (own data contributed to “P.NATS
Phase 2/ AVHD” modelling competition by the authors,
cf. also [22], proprietary, subset of PNATS-UHD-1)

o AVT-VQDB-UHD-1 (short-term video quality evalu-
ation dataset for 4K/UHD-1, published open source,
see [40])

o PNATS-UHD-1-Long (long-sequence database from
“P.NATS Phase 2 / AVHD” modelling competition,
including all databases submitted by the proponents;
proprietary, used with permission)

o GamingVideoSet [41], Kingston University Gaming
Video Dataset (KUGVD) [42],Cloud Gaming Video
Dataset (CGVDS) [43], Twitch dataset

o 360° Streaming video quality dataset [44]

o LIVE-YT-HFR [45]

VT-PNATS-UHD-1, AVT-VQDB-UHD-1, the Twitch
dataset and the 360° Streaming video quality dataset
are proprietary, whereas the others excluding PNATS-
UHD-1 are open datasets. To train and validate the
AVQBits\M3 / P.1204.3 model, the PNATS-UHD-1 dataset
is used. For the training and validation of the AVQBits|MO0,
AVQBits|\M1 and AVQBits|HO instances, the AVT-PNATS-
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UHD-1 and AVT-VQDB-UHD-1 datasets were used, respec-
tively. The PNATS-UHD-1-long dataset is used to evaluate
the proposed long-term integration model. These four are
UHD-1 databases, and retrospective ratings on the ACR
5-point-scale were collected from participants for all these
tests. For all tests, participants were asked to undergo a simple
vision test using Snellen charts as recommended in ITU-T
Rec. P.910 [70]. The tests were conducted in controlled lab
settings as prescribed by ITU-T Rec. BT.500-13 [104] and
ITU-T Rec. P.910 [70] with appropriate lighting conditions
and a viewing distance of 1.5xH, with H being the height
of the screen. An outlier detection was applied for all tests
based on PCC, with a threshold of PCC = 0.75 for tests with
short-duration (7-9 sec) videos and PCC = 0.70 for tests with
videos of longer duration (>1 min). This method for outlier
detection was most notably used as part of developing the
ITU-T Recommendations P.1203 [34] and P.1204 [22].

The details of the test environment and the outlier detection
method for other datasets are described in the following
sections.

A. PNATS-UHD-1

The PNATS-UHD-1 dataset was developed as part of the
“P.NATS Phase 2 / AVHD”” modelling competition in ITU-T
SG12/Q14. This dataset consists of 26 different tests that
were designed and conducted by eight proponents. Of the
26 different tests, 13 were used for training the models
submitted to the competition and the remaining 13 were used
for model validation. It should be noted that the 13 validation
databases were created after model submission. Out of
the 13 training tests, nine were created with a PC/TV as
viewing device, and four with mobile devices for viewing.
For validation, nine tests used a PC/TV as viewing devices,
three mobile and one tablet. All tests included PVSs with a
duration of 7-9 s. 2464 PVSs were used for training, 2483 for
validation, resulting in a total number of 4947 PVSs. Further
details on the sources, encoding parameter ranges, number of
test subjects etc., is provided in [22].

B. AVT-PNATS-UHD-1

This dataset consists of four different subjective tests that
were designed and conducted as part of the PNATS Phase 2
competition. The tests were targeted to cover a wide range
of source contents, with more than 50 different sources
used in each of the four tests. Due to the large number
of source contents per test, the tests followed a partial-
factorial design, with a limited number of PVS to be assessed
by participants. A source (in the paper referred to also as
“SRC”) was repeated between 3 and 5 times within a test.
Three sources were used across all tests and are referred to
as “common set sources”. In addition to this, five encoding
conditions (the processing conditions are also referred to as
“Hypothetical Reference Circuits (HRCs)” in the paper),
have been used across the four tests. These five HRCs in
combination with the common sources form the ‘“‘anchor
conditions’ that can further be used to unify the different tests
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for the purpose of model training, if desired by a proponent
of the aforementioned ITU-T SG12 “P.NATS Phase 2”
competition.

The SRCs used in all the four tests had a resolution of
3840 x 2160 pixels and a framerate between 24 fps and
60 fps. To design the HRCs, fixed settings were selected for
each HRC, without any adaptation within the short video
sequences. The bitrate range was chosen to be 100 kbps to
50000 kbps, the resolution range between 360p and 2160p
and the framerate values were chosen between 15 fps and
60 fps. It was ensured that the framerate of the SRC was never
lower than the framerate of the corresponding PVS. In all
the four tests, the different videos were encoded using one of
three codecs, namely, H.264, H.265, and VP9. The encoding
has been done with 1ibx264 (ffmpeg), libx265(ffmpeg) and
libvpx-vp9 (ffmpeg), respectively. In addition to choosing
from different bitrates, resolutions and framerates for each
HRC, the design also involved different presets (ultrafast,
veryfast, fast, medium, slow, slower, veryslow) for H.264
and H.265 and settings for speed for VP9, different chroma
subsampling (YUV420, YUV422), bit-depth (8 and 10 bits),
encoding types (1-pass, 2-pass both with and without min
max bitrate constraints, HRCs with specific constant rate
factor (crf) encoding) and different GOP sizes (auto, 2 s, 5's).
Furthermore, video segments encoded via services such as
YouTube, Bitmovin and Vimeo were included to reflect real-
world encodings. A 55 LG OLEDS55C7D screen was used
to present the videos in all the four tests.

In the first test, 52 different SRCs were included and
encoded with different HRCs that resulted in a total
of 187 PVSs. These 187 PVSs were rated by 27 participants.
Following the outlier detection criterion based on PCC
described earlier, two outliers were detected and removed
from further analysis. The second test covered a total of
53 different SRCs with 187 PVSs created from these, which
were rated by a total of 36 participants. Further analysis based
on the aforementioned outlier criterion detected two outliers
in this test. 52 different sources were used in the third test, and
the 185 PVSs resulting from the HRC processing were rated
by 30 participants, with five outliers detected. The fourth
test had 53 SRCs processed according to different HRCs,
resulting in 191 PVSs that were rated by 28 participants.
Here, 3 outliers were detected following the PCC based
criterion.

The distribution of the mean opinion scores (MOS) is
illustrated in Figure 6. It can be observed that there is
a tendency towards higher quality. This test design was
motivated to yield better distinction for higher quality levels
by test participants and also models.

C. AVT-VQDB-UHD-1
AVT-VQBD-UHD-1 [40] is a publicly available dataset®
created by the authors’ group. Like the AVT-PNATS-UHD-1

8https ://github.com/Telecommunication-Telemedia-Assessment/ AV T-
VQDB-UHD-1
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FIGURE 6. MOS distribution of AVT-PNATS-UHD-1 dataset.

dataset, this dataset also consists of four different subjective
tests. All the four tests had a full-factorial design. In total,
17 different SRCs with a duration of 7-10s were used
across all the four tests. All the sources had a resolution
of 3840 x 2160 pixels and a framerate of 60 fps. For
HRC design, bitrate was selected in fixed (i.e. non-adaptive)
values per PVS between 200 kbps and 40000 kbps, resolution
between 360p and 2160p and framerate between 15 fps and
60fps. In all the tests, a 2-pass encoding approach was
used to encode the videos, with medium preset for H.264
and H.265, and the speed parameter for VP9 set to the
default value “0”’. As with the tests in AVT-PNATS-UHD-1,
the same PCC-based criterion is used for outlier detection.
In the following, all the four tests of this dataset are
briefly described. The distribution of MOS is illustrated
in Figure 7.

1) TEST_1

The HRC design of this test was based on choosing from
different bitrates for each of the different resolutions. For
this purpose, four different resolutions were considered,
namely 360p, 720p, 1080p and 2160p. Two bitrates each were
selected for 360p and 720p and three bitrates each for 1080p
and 2160p. Three different codecs, namely, H.264, H.265,
and VP9 were used to encode the videos. These HRCs were
applied to six different SRCs of 9-10 s duration. This resulted
in a total of 180 PVSs. The framerate of all the PV Ss was kept
at the source framerate of 60 fps. A 65 Panasonic VIERA
TX-65CXW804 display was used to present the videos in the
test. The 180 PVSs were rated by 29 participants. Following
the PCC-based outlier criterion, no outliers were detected.

2) TEST 2

For this test, the HRC design was based on using different
bits-per-pixel (bpp) settings for different resolutions. Four
different bpp values were considered, per each of the same
four resolutions used also in test_1. As the number of bpp
— resolution combinations considered was higher than the
bitrate — resolution combinations for test_1, only H.264 and
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H.265 were used to encode the videos. Six SRCs including
the three common set SRCs from test_1 were used. The SRCs
had a duration of 7-9 s. Asin test_1, the framerate of the PVSs
was kept at the source framerate of 60 fps. Overall, 192 PVSs
were created using the six SRCs and the defined HRCs. The
test videos were presented to the participants on a 55 LG
OLEDS5C7D screen. A total of 24 participants rated these
PVSs, and no outliers were detected.

3) TEST_3

This test followed the same philosophy for HRC design as
test_2, and hence the same bpp values and resolutions were
used. Also, the same SRCs were employed. Mainly H.265
and VP9 were selected to encode the videos. In test_2, it was
observed that some of the PVSs associated with one of the
sources (Dancers_8s) had uncharacteristically low scores due
to encoding errors. The HRCs associated with these PVSs
were encoded with H.264, and these PVSs, now correctly
encoded, were repeated in this test. The corresponding HRCs
associated with H.265 were dropped, to keep the total number
of PVSsat 192 asin test_2. 26 participants rated the 192 PVSs
presented on a 55 LG OLEDS55C7D screen. No outliers
were detected in this test. As test_2 and test_3 are based on
the same design philosophy, these two tests can be combined
for further analysis.

4) TEST_4

The objective of this test was to assess the effect of different
framerates on perceived video quality. Hence, the HRC
design was based on selecting from different framerates
for each of the chosen different resolutions. Six different
framerates, namely, 15 fps, 24 fps, 30fps, and 60fps were
used across six different resolutions between 360p and 2160p.
Only H.264 was selected to encode videos for this test. Eight
SRCs with a duration of 7-9 s each were used, with no overlap
between sources from the other tests. The selected HRCs
in combination with these eight SRCs resulted in a total
of 192 PVSs. These PVSs were presented on a 55” LG
OLEDS5C7D screen. 25 participants took part in the test,
with two outliers being detected.
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D. PNATS-UHD-1-LONG

Similar to the AVT-PNATS-UHD-1 dataset, see Sec. V-B, this
dataset was also developed as part of the PNATS Phase 2
competition. The dataset consists of five different tests with
videos of 1 to 5min duration. The tests were designed
based on the “immersive” paradigm [105] in which the
participants never view the same source stimulus more than
once. Especially for tests with long sequences, participants
are likely to get bored with multiple viewings of the same
sequence. All tests used a retrospective rating of integral
quality of the simulated HAS viewing session on the 5-point
ACR scale. All stimuli included audio so as to make the
HAS-session more realistic, with audio kept at the highest
available quality.

Long-sequence tests test_1 and test_2 involved retrospec-
tive rating of videos of 1 min duration. For this purpose,
60 different SRCs in each test were encoded with different
HRCs, with each HRC consisting of a combination of
different HAS-specific quality-related effects, such as quality
switches, initial loading delay, and stalling. This resulted in
a total of 60 PVSs in both tests. In test_1, 24 subjects took
part, and in test_2, 37 participants. Following the somewhat
less constrained criterion of PCC = 0.7 for the long-
sequence tests, for test_1, no outliers were detected, and
6 outliers for test_2. In test_1, the PVSs were displayed on
a mobile screen, with a viewing distance of 6-8H, giving
the test subjects some freedom in how they were placing the
screen relative to their eyes. In test_2, a TV was used, with a
viewing distance of 1.5H. The highest resolution of the PVS
in test_1 was restricted to 2560 x 1440 pixels, as this was
the display resolution of the mobile. For test_2, the highest
resolution of the PVS was equal to the SRC resolution of
3840 x 2160 pixels.

In test_ 3 and test_4, videos of 2min duration were
rated. 30 different SRCs were used in each test, resulting
in 30 PVSs, as each HRC was associated with a different
SRC. The number of PVSs were adapted compared to
test_1 and test_2, to keep the test duration within 60 min.
The PVSs in test_3 were presented on a mobile, and
like in test_I, the highest resolution was restricted to
2560 x 1440 pixels. Test_4 again used a TV for viewing,
and hence the highest resolution was kept at the source
resolution of 3840 x 2160 pixels. 24 participants rated 30 the
PVSs in test_3. In test_4, the 30 PVSs were rated by a
total of 31 participants. No outliers were detected in the two
tests.

Test_5 involved quality assessment of videos of 5min
duration, with 14 different SRCs being used. In total, 14 PVSs
were rated by 31 participants, with 5 outliers being detected.
As the videos were presented on a mobile screen, the highest
resolution of the PVSs was again restricted to 2560 x 1440.

The following laboratories and companies were involved
in conducting the subjective tests: Test_1 and test_2 were
conducted by Netscout in England, test_3 by SwissQual in
Switzerland, test_4 by TU Ilmenau in Germany and test_5
by Ericsson in Sweden.
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The MOS distribution of all the five tests is shown in
Figure 8 and reflects a similar tendency of having more PVSs
in the higher quality range as in AVT-PNATS-UHD-1, due to
a similar test design philosophy.

E. GAMING DATASETS

This sections briefly describes the four gaming datasets,
namely, the GamingVideoSet, KUGVD, CGVDS and Twitch
dataset that are used in this paper. It is noted that an evaluation
of the AVQBits|M 3 model instance (aka ITU-T Rec. P.1204.3)
on this combined dataset has been presented by the authors
in [106]. The present paper substantially extends the analysis
to the three further instances of the AVQBits model.

1) GamingVideoSet (GVS)

This dataset [41] consists of 24 SRCs that have been extracted
from 12 different games. The SRCs are of 1920 x 1080 pixel
resolution, 30 fps framerate and have a duration of 30 s. The
HRC design included three different resolutions, namely,
480p, 720p and 1080p. 90 PVSs resulting from 15 bitrate-
resolution pairs were used for subjective evaluation. A total
of 25 participants rated all the 90 PV Ss.

2) KINGSTON UNIVERSITY GAMING VIDEO

DATASET (KUGVD)

Six SRCs out of the 24 SRCs from the GamingVideoSet were
used to develop KUGVD [42]. The same bitrate-resolution
pairs from GamingVideoSet were included to define the
HRCs. In total, 90 PVSs were used in the subjective
evaluation and 17 participants took part in the test.

3) CLOUD GAMING VIDEO DATASET (CGVDS)

This dataset [43] consists of SRCs captured at 60 fps
from 15 different games. For designing the HRCs, three
resolutions, namely, 480p, 720p and 1080p at three different
framerates of 20, 30 and 60 fps were considered. To ensure
that the SRCs from all the games could be assessed by test
subjects, the overall test was split into 5 different subjective
tests, with a minimum of 72 PVSs being rated in each of the
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TABLE 1. HRCs for Tests 1 and 2.

Resolution Target Bitrate (Mbps)
19201080 0.5 1 35 7
3840x 1920 1 2 6 12

tests. A total of over 100 participants took part over the five
different tests, with a minimum of 20 participants per test.

4) TWITCH DATASET

The Twitch Dataset [106] consists of 36 different games, with
6 games each representing one out of 6 pre-defined genres.
The dataset consists of streams directly downloaded from
Twitch. A total of 351 video sequences of approximately
50 s duration across all representations were downloaded.
90 video sequences out of these 351 video sequences were
selected for subjective evaluation. Only the first 30 s of the
chosen 90 PVSs were considered for subjective testing. Six
different resolutions between 160p and 1080p at framerates of
30 and 60 fps were used. 29 participants rated all the 90 PVSs
with no outliers being detected following the criterion of
PCC =0.75.

F. 360 STREAMING VIDEO QUALITY DATASET

This 360 Streaming Video Quality Dataset [44] consists of a
total of three different subjective tests. The playback, subjec-
tive score and head-rotation data collection was automated
using the publicly available AVTrack [107] software.” The
participants were instructed that they could freely explore the
360° videos. A criterion based on PCC with a threshold of
0.7 was selected to detect outliers in all the three tests.

test_1 and test_2 had a joint objective of comparing
the effect of different Head Mounted Displays (HMDs)
on the perceived video quality. Hence, both the tests include
the same SRCs and HRCs. Eight SRCs with a resolution of
3840 x 1920 pixels, framerate of 30 fps and a duration of 20 s
were used in these tests. The bitrate and resolutions chosen in
the two tests are detailed in Table 1. H.265 was used to encode
the videos. A 2-pass encoding approach with the preset of
slow was choosen. The eight SRCs were encoded with the
defined HRCs and resulted in a total of 64 PVSs including
high quality audio. In test_1, the videos were presented using
an HTC Vive HMD and in test_2, using an HTC Vive Pro.
The total test duration of each test was 90 minutes.

In test_1, all the 64 PVSs were rated by a total of
27 participants. 6 outliers were detected following the
criterion of PCC < 0.7. 27 participants took part in test_2.
There were 3 outliers detected in this test.

test_3 focused on the quality assessment of high resolution
(> 3840 x 1920) content. For this test, seven SRCs of
7680 x 3840 pixels were selected. The framerate of the
selected SRCs was 30 fps, and sequence duration was 20 s.
There was no overlap with the SRCs from test_1 and test_2.
The videos were encoded at three different resolutions,

9https://github.com/l“elecommunication—Telemedia—
Assessment/AVTrack360
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TABLE 2. HRCs for Test 3.

Resolution  Target Bitrate (Mbps)
3840x1920 0.5 2 6
5760x2880 1 4.5 13.5
7680x3840 2 8 24
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FIGURE 9. MOS distribution of 360_streaming_video_quality_dataset.

namely, 3840, 5760 x 2880 and 7680 x 3840 pixels. Three
bitrates each were used for each resolution, the details of
which are described in Table 2. Asin test_1 and test_2, H.265
was used to encode the videos following a 2-pass encoding
approach with slow preset. In total, 63 PVSs were rated by
27 participants, with 4 outliers detected according to the
criterion of PCC < 0.7. The PVSs were presented with an
HTC Vive Pro HMD.

The MOS distribution of the three tests is as illustrated in
Figure 9.

G. LIVE-YT-HFR

The LIVE-YT-HFR [45] dataset was designed with the
objective of analyzing the impact of framerate on perceived
video quality, like test_4 of the AVI-VQDB-UHD-1 dataset.
For this purpose, 16 SRCs captured at a framerate of 120 fps
were used. Eleven out of the 16 SRCs are from the BVI-HFR
dataset [91]. The SRCs had a duration of 6—10 s. They mainly
consist of sports content with high motion. Six different
framerates were included in the study, namely 24, 30, 60, 82,
98, and 120 fps. All the SRCs were encoded with VP9 at
five different CRF values for each framerate, thus resulting
in 30 PVSs for each source and in total 480 PVSs. A total of
80 participants took part in the test with each PVS being rated
by a minimum of 12 participants.

VI. MODEL TRAINING
This section details the training procedure that was performed
to obtain the coefficients for the different AVQBits models.

A. AVQBits|M3 /WWWWW/P.1204.3 MODEL TRAINING

Initially, the submitted version of the AVQBits|M3 /
P.1204.3 model was trained on the 13 training databases
of the PNATS-UHD-1 dataset. After the validation of the
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TABLE 3. Quantization-degradation coefficients for AVQBits|M3 /
P.1204.3, PC/TV case.

Codec a b c d

H.264 4.4344 -1.7058 4.9654 -4.1203
H.264-10bit  4.6467  -0.8091  5.9835  -4.4398
H.265 43789  -1.0208  5.7572  -4.5625
H.265-10bit  4.5458  -0.866 6.1116  -3.3828
VP9 43404  -0.9961  4.5282  -3.9641

TABLE 4. Quantization-degradation coefficients for AVQBits|M3 /
P.1204.3, MO/TA case.

Codec a b c d

H.264 44365  -1.4909 54251  -4.5198
H.264-10bit  4.5399  -0.414 6.2249  -4.2599
H.265 43089  -0.6685  6.0551  -4.6974
H.265-10bit  4.9999  -2.6821 1.5069  -1.7664
VP9 44024  -1.2504 29268  -3.0087

model using the validation databases of the PNATS-UHD-1
dataset, a dedicated model re-optimization was done using
a 5-fold cross validation approach. In this step, firstly, five
splits of all the 26 databases were created with each split
containing 13 training and 13 validation databases. While
creating these splits, it was ensured that each of the splits
had least similarity with each other and that the overall
prediction difficulty of the training databases was similar
to the validation databases. In addition to this, for each
split, it was also ensured that the databases corresponding
to different display types (PC/TV and Mobile/Tablet) have
a balanced representation in the training and validation sets.
Following this procedure, the coefficients of the D, D, and
D, and the correspond RF components were determined.
Tables 3 and 4 present the quantization-degradation—related
coefficients of the PC/TV and MO/TA cases respectively.
The temporal- and upscaling-related coefficients of the
PC/TV and MO/TA cases are presented in Tables 5 and 6
respectively.

A more detailed description of the training procedure can
be found in [39] and [22].

B. AVQBits|M0 MODEL TRAINING

For the AVQBits|M0 model instance, a two-step training
procedure was implemented to estimate the coefficients
related to QPprq and quantization degradation. In the
first step, the QPprq prediction module as described in
Equation (22) was trained using the true QP values extracted
from the 764 PVSs of AVT-PNATS-UHD-1 as ground-truth.
The resulting coefficients for determining QP).q are detailed
in Table 7.

Following this, the coefficients in Table 7 were used to
estimate QP values, and the resulting estimates QPp.q were
used as input to the quantization degradation. The new
coefficients were obtained by training the model using the
subjective MOS from AVT-PNATS-UHD-1 as ground-truth.
The resulting new coefficients of the core model are as shown
in Table 8.

To estimate the upscaling degradation and temporal degra-
dation component of the “Core Model”, the coefficients for
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TABLE 5. Upscaling- and temporal-degradation coefficients, PC/TV case
(valid across all four AVQBits instances).

X y k z
-9.5497 1.1999  4.1696

-8.3084

TABLE 6. Upscaling- and temporal-degradation coefficients, MO/TA case
(valid across all four AVQBits instances).

X y k z
-8.4690  1.1999  4.2701

-6.3648

TABLE 7. QP-Prediction coefficients for AVQBits|MO0, PC/TV case.

Codec Agp_m0 bqp,'m,O dqp,'mO

-5.3586 4.1965 5.6231
-6.0256 4.8298 4.0869
-46.5290  37.5395 27.5876

Cqp_mO

H.264 -5.7284
H.265 -7.6866
VP9 -140.8384

TABLE 8. Quantization-degradation coefficients for AVQBits|M0, PC/TV
case.

Codec a b c d

H.264 47342 -0.9469  4.0831  -2.0624
H.265 4.5731 -0.6835 33163  -1.4604
VP9 42624  -0.6135 3.2368  -2.2657

TABLE 9. QP-Prediction coefficients for AVQBits|M1, PC/TV case.

Codec  agp mo  bgp.mo Cap.m0  dgp_mo €qp_m0
H.264 28.4333 -7.3951 5.7821 0.2479 -5.4537
H.265 22.3936 -6.5297 5.1573 -0.8999 -2.2889
VP9 92.1245 -51.1209 40.6832 -10.2195 -18.7809

TABLE 10. Quantization-degradation coefficients for AVQBits|M1, PC/TV
case.

Codec a b c d

H.264 4.6602  -1.1312  4.2268  -2.4471
H.265 45375  -0.6829 3.5053 -1.6074
VP9 4.5253  -1.2635 2.0732  -1.8051

the AVQBits|M3 / P.1204.3 model reported in Table 5 are
used.

As there were no Mobile/Tablet (MO/TA) databases that
were part of the training dataset, AVI-PNATS-UHD-I,
a synthetic dataset consisting of AVQBits|M3 / P.1204.3 was
developed to determine the coefficients for the MO/TA
case. These coefficients can be found in the reference
implementation that is publicly available.

C. AVQBits|M1 MODEL TRAINING

For the AVQBits|M1 model instance, the same two-step
training approach as for Mode 0 was used to determine the
coefficients related to QPprq and subsequently the quan-
tization degradation component D, of the “Core Model”,
cf. Equation (5) to Equation (7). The coefficients related
to OPpreq and the quantization degradation Dy (i.e. MOS,
at first, cf. Equation (5)) are presented in Tables 9 and 10,
respectively. Similar to the Mode 0 model AVQBits|M0, the
coefficients for the AVQBits|M 3 / P.1204.3 model detailed in
Table 5 are used to estimate the upscaling degradation and
temporal degradation.
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FIGURE 10. Scatter plot of P.1204.3 and its bitstream extensions for AVT-VQDB-UHD-1 dataset.

TABLE 11. Codec mapping coefficients for AVQBits|HO|f, PC/TV case.

Codec Qemap Aemap

H.264 0.9053 0.0931
VP9 0.8530 0.6979

A similar approach to determine the MO/TA coeffiencts
for the AVQOBIits|M0 model was used for the AVQBits|M 1
model and the corresponding coefficients can be found in the
publicly available reference implementation.

D. AVQBits|H0O MODEL TRAINING

As discussed in Section III-D, two different variants of the
AVQBits|HO model are proposed in this paper. The first,
AVQBits|HO|s, applies the same encoder used for initially
encoding the video to be evaluated, plus Mode O data for a
quality-equivalent re-encoding of the video. The AVQBits|M 3
/ P.1204.3 model is then directly applied to the resulting
bitstream, without any further modifications of the model.
Hence, no additional training of the AVQBits|HO|s model is
needed.

Instead of the original video codec, that has been used for
encoding the distorted video, the AVQOBIts|HO|f model has
a fixed video encoder for generating the quality-equivalent
bitstream. For the model instance presented in this paper,
H.265 is selected. As a result, the prediction from the
AVQBits|\M3 / P.1204.3 model requires a codec-specific
mapping of the predicted score to represent the quality that
would be provided by the originally applied encoder. Hence,
a simple mapping function as described in Equation (27) is
proposed. MOS scores from AVT-PNATS-UHD-1 are applied
as training target to determine the coefficients of the mapping
function. The resulting coefficients are presented in Table 11.

VIl. EVALUATION

In this section, the performance evaluation of the four
different AVQBits instances on different application scopes
such as traditional 2D video, gaming video, 360° video and
HFR video are described. The evaluation is performed on the
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different publicly available databases described in Sec. V. For
all evaluations, the performance measures are computed after
performing a linear fit per each database, as recommended
in ITU-T Rec. P.1401 [108], to map the objective scores
to the subjective scores. This way, a possible test-specific
linear bias in comparison to the model is compensated (e.g.,
range-equalization bias [109]). The scatter plots presented in
the following also use the linearly-mapped predictions. The
performance of the models are compared with SoA models
for each use-case.

A. SHORT-TERM VIDEO QUALITY
The first evaluation of the proposed models is conducted
on short videos with 8 — 10s duration, as this was the
primary focus of model development. For this purpose,
the publicly available AVIT-VQDB-UHD-1 dataset [40]
consisting of 756 PVSs is used, see also Sec. V. Note
that only 432 PVSs are publicly available due to source
copyright issues. However, in this paper the evaluation is
performed on the entire dataset consisting of 756 PVSs, as the
authors have access to the complete set. Table 12 provides a
detailed overview of the performance of the model instances
AVOQBIts|M3 P.1204.3, AVQBits|M0, AVQBits|M1 and the
two versions of the Hybrid Mode 0 model AVQBits|HO.
Performance is given in terms of RMSE, PCC, Spearman
Rank Correlation (SROCC), Kendall correlation and R?
Score for the four tests individually and all databases together.
As is expected, AVQOBits|M 3 / P.1204.3 outperforms all other
model instances for all databases combined as it has access to
the entire bitstream to estimate video quality. An interesting
observation is that the other model instances perform slightly
better than AVQBits|M3 / P.1204.3 for test_4. This specific
test considers a wide range of framerate variations. It should
be noted that such a high variation in framerate between
SRC and PVS is rather unrealistic for HAS applications.
However, it can be seen from Table 12, that AVQBits|M3 /
P.1204.3 performs significantly better across all databases.
Figures 10 and 11 show the scatter plots for all models.
It can be observed that AVQBits|M3 / P.1204.3 leads to
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FIGURE 11. Scatter plot of the Hybrid No-Reference extension of P.1204.3 for AVT-VQDB-UHD-1

dataset.

TABLE 12. Performance of the AVQBits instances on the
AVT-VQDB-UHD-1 dataset (*The RMSE and R2 numbers for AVQBits|M3 /
P.1204.3 may differ from the ones reported in [39], as here the RMSE and
R2 values after linear mapping whereas in [39] the RMSE and R? values
were calculated on raw predictions).

Database Model RMSE PCC SROCC Kendall R? Score
test_1 AVQBits|M3 0.280 0968 0.953 0.822 0.937
/P.1204.3*
test_1 AVQBits|M1 0614 0.836 0.851 0.677 0.699
test_1 AVQBits|M0 0507 0.891 0.888 0.703 0.795
test_1 AV QBits|HO|s 0298 0964 0.954 0.817 0.929
test_1 AV QBits|HO|f 0324 0957 0.946 0.805 0.916
test_2 AVQBits|M3 0287 0966 0.960 0.830 0.934
/P.1204.3*
test_2 AVQBits|M1 0441 0918 0.930 0.780 0.844
test_2 AVQBits|M0 0511 0.889 0.895 0.714 0.790
test_2 AV QBits|HO|s 0394 0.936 0.934 0.782 0.875
test_2 AVQBits|HO|f 0451 0915 0916 0.752 0.837
test_3 AV QBits|M3 0324 0957 0935 0.785 0.917
/P.1204.3*
test_3 AVQBits|M1 0363 0946 0924 0.766 0.895
test_3 AV QBits|M0 0464 0911 0.896 0.712 0.830
test_3 AV QBits|HO|s 0395 0.936 0.920 0.756 0.877
test_3 AVQBits|HO|f 0450 0916 0.908 0.737 0.840
test_4 AVQBits|M3 0485 0876 0.853 0.681 0.767
/P.1204.3*
test_4 AVQBits|M1 0366 0931 0911 0.756 0.867
test_4 AV QBits|M0 0443 0.897 0.851 0.673 0.805
test_4 AV QBits|HO|s 0460 0.889 0.876  0.699 0.790
test_4 AV QBits|HO|f 0405 0915 0.898 0.734 0.837
All AVQBits|M3 0370 0942 0.927 0.768 0.887
/P.1204.3*
All AVQBits|M1 0476 0901 0.900 0.730 0.811
All AVQBits|M0O 0499 0.890 0.877 0.684 0.792
All AV QBits|HO|s 0408 0.928 0.919 0.755 0.861
All AV QBits|HO|f 0433 0919 0.909 0.743 0.844

very few outliers as compared to the subjective tests,
whereas results for the other instances show a larger number
of outliers. Most notably, it can be observed that for
Mode 1 AVQBits|M 1, the Surfing sequence suffers from
under-prediction in a few cases due to a large error in the
method used for QP estimation in this case. In addition, it can
also be seen that AVQBits|M 0 suffers from slightly more over-
prediction, which is a result of the lack of source-specific
information for quality estimation, which AVQOBits|M3 and
hence also AVQBits|HO partly handle in the random forest
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TABLE 13. Performance comparison of the AVQBits instances with SoA
models for tests in the AVT-VQDB-UHD-1 dataset without framerate as
dependent variable (*The RMSE and R2 numbers for AVQBits|M3 /
P.1204.3 may differ to the ones reported in [39], as here the RMSE and
R2 values after linear mapping are shown, whereas in [39] the RMSE and
R2 values were calculated on raw predictions).

Model RMSE PCC SROCC Kendall R? Score
VMAF [23] 0.531 0.880 0.889 0.721 0.774
Brisque [110] 0.653 0.815 0.838 0.653 0.660
NIQE [111] 1.009 0.432 0.445 0.301 0.187
PSNR 1.109 0.131 0.682 0.531 0.017
SSIM [112] 0.956 0.520 0.761 0.569 0.270
MS-SSIM [113] 0.896 0.599 0.752 0.563 0.358
ADM2 [114] 0.580 0.855 0.874 0.698 0.731
VIFP [115] 0.757 0.736 0.756 0.562 0.542
AV QBits|M3 0.306 0.962 0.948 0.804 0.925
/P.1204.3*

AV QBits|M1 0.486 0.901 0.904 0.738 0.812
AV QBits|MO 0.503 0.894 0.891 0.701 0.799
AV QBits|HO|s 0.373 0.943 0.935 0.778 0.889
AV QBits|HO|f 0.439 0.920 0914 0.749 0.846

model part. Also, AVQOBits|HO|f would benefit from a more
sophisticated codec mapping than the linear one defined
in Section III-D to better take into account codec-specific
differences.

The performance of the AVQBits instances is also com-
pared with that of SoA models. For this purpose, the
performance numbers for SoA models on the AVI-VQDB-
UHD-1 dataset reported in [22] are used. In Tables 13 and 14,
different FR and NR models are compared with the proposed
models for tests with and without framerate variation
separately. As can be seen from the results, AVQBits|M3
/ P.1204.3 is the best performing model across all tests,
with VMAF being the best performing FR model. In spite
of the reduced input data for these models, the other
AVQBits instances are still able to outperform a number
of the SoA models. For example, AVOBits|M(0 shows a
better performance than Brisque and SSIM, or AVQBits|M 1
shows a better performance than VMAF. The hybrid models
also outperform VMAF and generally are surpassed only
by AVQBits|M3 / P.1204.3 in performance. It is noted that
the good performance of the AVQBits instances other than
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TABLE 14. Performance comparison of AVQBits instances with SoA
models for tests with framerate as independent variable in the
AVT-VQDB-UHD-1 dataset (*The RMSE and R2 numbers for P.1204.3 may
differ to the ones reported in [39], as here the RMSE and R? values after
linear mapping are shown, whereas in [39] the RMSE and R? values were
calculated on raw predictions).

Model RMSE PCC SROCC  Kendall R? Score
VMAF [23] 0.592 0.807 0.811 0.624 0.652
Brisque [110] 0.641 0.813 0.833 0.646 0.657
NIQE [111] 1.006 0.393 0.387 0.265 0.154
PSNR 1.004 0.313 0.491 0.352 0.000
SSIM [112] 0.871 0.497 0.580 0.418 0.247
MS-SSIM [113] 0.832 0.559 0.581 0.421 0.312
ADM2 [114] 0.598 0.803 0.806 0.615 0.644
VIFP [115] 0.789 0.618 0.612 0.449 0.381
AV QBits|M3 0.485 0.876 0.853 0.681 0.767
/P.1204.3

AV QBits|M1 0.366 0.931 0.911 0.756 0.867
AV QBits|M0O 0.443 0.897 0.851 0.673 0.805
AV QBits|HO|s 0.460 0.889 0.876 0.699 0.790
AV QBits|HO|f 0.405 0.915 0.898 0.734 0.837

AVQBits|\M3 / P.1204.3 may be due to the selected specific
encoding settings and their range. In general, test_4 seems to
be the most difficult test in terms of estimating video quality,
due to the wide range of framerates included in this test. The
comparatively bad performance of VMAF for test_4 can be
attributed to the lack of a sophisticated motion-related feature
in the model.

B. OVERALL INTEGRAL QUALITY

As next, the proposed long-term integration model, a sim-
plified version of ITU-T Rec. P.1203.3 [36] is evaluated
on PNATS-UHD-1-Long consisting of five tests with PVSs
ranging from 1-5 min in duration (cf. Sec. V). As explained
in Section IV, for estimating the overall integral quality,
the proposed model follows the same architecture as ITU-T
Rec. P.1203.3 and takes per-1-second video and audio scores
as input, along with stalling-related information. In this
evaluation, to estimate the per-1-second video quality scores,
the different AVQBits instances are considered. The per-1-
second audio quality scores are assumed to be 4.5, which is
the highest quality estimated by ITU-T Rec. P.1203.2 [62].
This assumption is based on the fact that the audio quality is
not varied and the best possible audio quality is used in any
of the five tests considered for evaluation.

Table 15 shows the performance numbers for all the tests
for the proposed models. It can be concluded that using
AVQBits|\M3 P.1204.3 to estimate the per-1-second scores
results in very good performance of the proposed long-term
integration model. This is due to the high accuracy of the
ITU-T P.1204.3 model. The estimation of per-1-second and
per-segment quality scores is better as compared to the other
instances of AVQBits, which use less complex input informa-
tion without full bitstream access for video quality prediction.
Furthermore, it can be observed that the AVQBits|HO|s and
AVQBits|HO|f variants show similar performance to the
AVQBits\M3 P.1204.3 in terms of PCC but have a worse
performance in terms of RMSE for each of the five tests.
This is unlike the short-term video quality prediction where
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TABLE 15. Performance of P.1204.3 and its extensions on the
PNATS-UHD-1-Long dataset.

RMSE PCC SROCC Kendall R? Score
test_1 AVQBits|M3 0353 0.892 0.823 0.649 0.795

Database Model

/P.1204.3
test_1 AVQBits|M1 0432 0831 0.822 0.655 0.691
test_1 AVQBits|M0 0399 0.859 0.863 0.694 0.738
test_1 AV QBits|HO|s 0357 0.888 0.870 0.706 0.789

test_1 AV QBits|HO|f 0352 0.891 0.868 0.705 0.798

test_2 AVQBits|M3 0559 0.813 0.801 0.610 0.661

/P.1204.3
test_2 AVQBits|M1 0.624 0760 0.744 0.562 0.577
test_2 AVQBits|M0 0.658 0.728 0.707 0.514 0.529
test_2 AV QBits|HO|s 0.640 0.745 0.689 0.511 0.556
test_2 AV QBits|HO|f 0.650 0.736 0.679 0.498 0.541

test_3 AVQBits|M3 0485 0888 0.798 0.630 0.788
/P.1204.3

test_3 AVQBits|M1 0552 0852 0.809 0.644 0.725

test_3 AV QBits|M0 0.641 0794 0.749 0.570 0.630

test_3 AV QBits|HO|s 0.514 0.873 0.804 0.635 0.762

test_3 AV QBits|HO|f 0540 0.858 0.818 0.658 0.737

test_4 AVQBits|M3 0377 0917 0.899 0.748 0.842
/P.1204.3

test_4 AVQBits|M1 0517 0.838 0.798 0.627 0.702

test_4 AVQBits|M0 0534 0.826 0.782 0.609 0.683

test_4 AV QBits|HO|s 0392 0910 0.878 0.729 0.829

test_4 AV QBits|HO|f 0370 0920 0.878 0.715 0.847

test_5 AVQBits|M3 0386 0934 0922 0.796 0.872
/P.1204.3

test_5 AVQBits|M1 0700 0.762 0.796 0.641 0.581

test_5 AVQBits|M0 0.832 0638 0.594 0.464 0.407

test_S AV QBits|HO|s 0502 0.855 0.842 0.684 0.732

test_5 AV QBits|HO|f 0500 0.857 0.825 0.658 0.734

All AV QBits|M3 0479 0864 0.844 0.660 0.747
/P.1204.3

All AVQBits|M1 059 0.780 0.787  0.602 0.608

All AVQBits|M0 0.694 0.686 0.683 0.500 0.471

All AV QBits|HO|s 0570 0.797 0.768  0.584 0.635

All AV QBits|HO|f 0582 0.787 0.756 0.572 0.619

the AVQBiIts|HO|s and AVQBits|HO|f variants have a similar
performance to AVQBits|M3 P.1204.3 both in terms of PCC
and RMSE. This can be attributed to the fact that in case of
short-term video quality prediction a simple linear mapping
according to ITU-T P.1401 before computing the RMSE
would accommodate for the difference in prediction due
to the usage of the QEB instead of the original bitstream.
Whereas, in the case of overall integral quality prediction, the
input consists of per-1-sec scores and these per-1-sec scores
are computed on the QEB which may not reflect the true
quality directly of the bitstream. A dedicated linear mapping
of the per-1-sec scores to take into account the effect of QEB
at the per-1-sec level could alleviate such a problem and
hence result in a lower RMSE value. Despite this, the overall
performance of the AVQBits|HO|s and AVQOBits|HO|f variants
is significantly better than the AVQBits|M 0 and AVQBits|M 1
models.

The scatter plots illustrated in Figure 12 show that both
AVQBits|\M0 and AVQBits|M1 seem to over-predict in the
lower-quality range, which can be attributed to the less
accurate per-1-second score estimation by these models. This
is assumed to reflect that the quality-impact due to more
encoder-demanding video content is less well captured by
these models.
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TABLE 16. Performance of P.1204.3 and its extensions on different
gaming datasets.

TABLE 17. Comparison of performance of P.1204.3 and its extensions
with SoA models on different gaming datasets.

Dataset Model RMSE PCC SROCC Kendall R? Score Dataset Model RMSE PCC SROCC Kendall R? Score
GVS  AVQBits|M3 045 0838 087  0.69 0.77 GVS  PSNR 063 074 074 057 0.55
/P.1204.3 GVS  SSIM 057 080 080 0.6l 0.62
GVS  AVQBits|M1 042 089 087 071 0.79 GVS  VMAF 047 087 086  0.69 0.75
GVS  AVQBits|M0 069 067 065 049 0.45 GVS  NIQE 064 077 071 053 0.52
GVS  AVQBits|HO|s 048 086 086  0.69 0.74 GVS  AVQBits|M3 045 0838 087 069 0.77
GVS  AVQBits|HO|f 062 075 073  0.56 0.56 /P.1204.3
: GVS  AVQBits|M1 042 089 087 071 0.79
KUGVD AVQBits|M3 039 093 092 077 0.86 GVS  AVQBits|M0 069 067 065 049 0.45
/P.1204.3 GVS AVQBits|HO|s 048 086 086  0.69 0.74
KUGVD AVQBits|M1 050 087 086 069 0.76 GVS  AVQBits|HO|f 062 075 073 056 0.56
KUGVD AVQBits|M0 084 059 057 041 0.35
KUGVD AVQBits|HO|s 046 090 089  0.72 0.80 KUGVD PSNR 062 080 084 067 0.64
KUGVD AVQBits|HO|f 065 078 076 0.8 0.61 KUGVD SSIM 048 089 091 074 0.79
: KUGVD VMAF 041 092 092 077 0.85
CGVDS AVQBits|M3 038 085 084 065 0.72 KUGVD NIQE 055 OEs o oes 072
/P.1204.3 KUGVD AVQBits|M3 039 093 092 077 0.86
CGVDS AVQBits|M1 036 090 088  0.70 0.78 e
CGVDS  AVQBits|MO 047 078 075 056 0.60 KUGVD AVQBits|M1 050 087 086  0.69 0.76
CGVDS AVQBits|HO|s 036 089 088 070 0.79 KUGVD AVOBits|MO 084 059 057 041 0135
CGVDS AVQBits|HO|f 038 087 087  0.68 0.76 KUGVD AVQBits|HO|s 046 090 089  0.72 0.80
Twich AVQBits|M3 040 093 093 077 & KUGVD AVQBits|HO|f 0.65 078 076 0.8 0.61
A ULl e CGVDS PSNR 0.60 064 065 047 0.41
Twitch  AVQBits|M1 037 094 093 077 0.89 CEUDSESSI e s et e s o5
I T T e T s CGVDS VMAF 038 088 087 069 0.77
Twitch ~ AVQBits|HO|s 031 096 095 082 0.92 CGVDS NIQE 066 054 056 041 029
Twitch ~AVQBits|HO|f 030 096 095 081 0.92 CGVDS AVQBits|M3 038 085 084 065 0.72
All AVQBits|M3 041 090 090  0.73 0.81 /P.1204.3
I P12043 CGVDS AVQBits|M1 036 090 088 070 0.78
All AVQBitS|M1 0.41 0.90 0.89 0.73 0.81 CGVDS AVQBZtSlMO 0.47 0.78 0.75 0.56 0.60
All AVOBits| MO 060 076 075 056 0.58 CGVDS AVQBits|HO|s 036 089 088 070 0.79
All AVQBits|HO[s 040 090 090 073 0.82 CGVDS AVQBits|HO|f 038 087 087  0.68 0.76
All AVQBits|HO|f 048 086 085  0.67 0.73 Twitch  NIQE 096 024 01l 017 0104
Twitch ~AVQBits|M3 040 093 093  0.77 0.87
/P.1204.3
C. GAMING VIDEO QUALITY Twitch AV QBits|M1 0.37 094 093 0.77 0.89
) o i . Twitch AVQBits|M0 043 092 089  0.71 0.85
As the first application for extending the initial scope Twitch ~AVQBits|HO|s 031 096 095  0.82 0.92
Twitch AV QBits|HO|f 030 096 095 081 0.92

of “traditional” video quality prediction for the AVQBits
instances, gaming video quality is considered. It should be
noted that all model instances of AVQBits are used without
any retraining to estimate the video quality for the four
gaming datasets considered for performance evaluation (see
Sec. V). The only difference to the case of ‘“‘normal” 2D
video is that here all databases were created for a full
HD (1920 - 1080 pixels) display instead of the 4K/UHD-1
target screen resolution used in case of the PC-databases for
“normal” video and the initial development of AVQBits|M 3
/ P.1204.3 in ITU-T SGI12. In this paper, AVQOBits|M3 /
P.1204.3 and its extensions are used directly with the target
resolution of 4K/UHD-1.

Table 16 provides a detailed view of the performance
of the proposed bitstream-based models on all the four
considered tests. AVQOBits|M3 / P.1204.3 and AVQBits|M 1
perform on par across all datasets, with Mode 0 being the
least well performing model. The good performance of the
Mode 1 model indicates that the features related to framesize
and frame type can be used to estimate the impact of content
improving the estimation of the QP value and bringing it
closer to the one of the AVQOBits|M3 model with its full
bitstream access. Although Mode 1 performs on par with
AVQBits|\M3 /| ITU-T P.1204.3 on average, from the scatter
plots shown in Figure 13 it can be observed that there is a
general tendency of the Mode 1 model to slightly over-predict
as compared to ITU-T P.1204.3. Furthermore, it can be
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observed from the scatter plot associated with Mode 0 in
Figure 13 that Mode O suffers significantly from the lack
of content-related features, leading to cases with a larger
prediction inaccuracy. As the main goal of gaming video
quality prediction is to run it in an environment with less
requirements for computation, the hybrid models may be less
practical for real-time monitoring, as they need additional
resources. However, it is shown that in case Mode 0 type
data and pixel information can be accessed in a practical
monitoring scenario, the AVQBits|HO models are highly
usable. The results show that AVQBits|HO|s performs as
well as AVQOBits|\M3 / P.1204.3 for all the four considered
gaming datasets. The AVQBits|HO|f model variant with less
requirements on the set of codecs available during monitoring
performs on par with AVQBits|M3 / P.1204.3 for the CGVDS
and Twitch datasets, but less well for GVS and KUGVD. This
may be due to the coefficients a,qp and by,qp being obtained
by training on traditional 2D video datasets. A dedicated
retraining of these two coefficients for gaming content may
result in improved performance.

In addition to this, the performance of the proposed
bitstream-based models is compared with SoA models, and
the details are reported in Table 17. The performance numbers
corresponding to the SoA models relating to the open datasets
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FIGURE 12. Scatter plot of P.1204.3 and its extensions for PNATS-UHD-1-Long dataset.

are directly taken from respective papers. In general, it can
be concluded that AVQBits|M3 / P.1204.3 and AVQBits|M 1
perform on par with VMAF across all datasets. It should
be noted that two out of the four datasets, namely, CGVDS
and the Twitch dataset use completely different encoding
strategies than the ones these models were trained on. For
CGVDS, a hardware-accelerated encoder was applied, and
the Twitch dataset consists of PVSs with proprietary Twitch
encoding. Despite this, the models perform well, indicating
the generalizability of the model framework with regard to
different encoder implementations and strategies. Although
the Mode 0 AVQBits|M 0 model is the least well performing
bitstream model, it still outperforms all the considered NR
models for all datasets. The performance of the Mode
0 model could be enhanced by retraining it for the gaming-
specific use-case. Furthermore, AVQBIits|HO|s performs as
well as both the best performing pixel and bitstream models.
Although the fixed encoder variant AVQBits|HO|f suffers
somewhat from a lower performance for the GVS and
KUGVD datasets, the average performance across all the
four datasets is still competitive in comparison with the SoA
models.

A FHD-specific mapping AVQBits|M3 / P.1204.3 for
gaming content has been proposed in [106] with a more
detailed handling of the target screen resolution being a topic
of ongoing work.
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D. 360° VIDEO QUALITY

As the next application scope for evaluation, 360° video qual-
ity estimation is considered. For this purpose, the 360 Stream-
ing Video Quality Dataset (cf. Sec. V-F) consisting of three
different tests is considered. As in the case of gaming,
no retraining of the proposed models has been performed.
In addition to this, as with the gaming use-case, in this paper,
AVQBits|\M 3 /P.1204.3 and its extensions are applied directly
with the target resolution of 4K/UHD-1 despite the different
tests being considered have different target resolutions.
Table 18 provides a detailed view of the performance numbers
for all the tests for the proposed bitstream-based models.

In general, it can be observed from Table 18 that
AVQBits\M3 / P.1204.3 performs well for all the tests.
Mode 0 (AVQBits|M0) and Mode 1 (AVQBits|M 1) show
satisfactory performance for test_1 and test_2, but perform
considerably worse for test_3. The general tendency towards
worse performance of these models can be attributed to the
fact that the QP estimation is not optimal for 360° video,
as encoders may use different strategies in QP selection
for specific bitrates. Hence, a more use-case specific QP
estimation should be considered to enhance the model
performance. Especially for these low-complexity bitstream
models, a dedicated model could be used, which is usually
even how it is handled for existing 2D video streaming
applications, due to the sheer amount of different encoding
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FIGURE 13. Scatter plot of P.1204.3 and its extensions for all Gaming datasets.

TABLE 18. Performance of P.1204.3 and its extensions on
the 360 Streaming Video Dataset.

TABLE 19. Comparison of performance of P.1204.3 and its extensions
with SoA models on the 360 Video Streaming Quality Dataset.

Test Model RMSE PCC SROCC Kendall R? Score Model RMSE PCC SROCC Kendall

test_1 AVQBits|M3 0319 0917 0.880 0.709 0.841 Hybrid [44] 0.425 0.891 0.890 0.714

/P.1204.3 Mode 0 [44] 0.503 0.832 0.865 0.680

test_1 AVQBits|M1 0482 0798 0.785 0.612 0.637 VMAF _cc [84] 0.384 0.898 0.872 0.700

test_1 AVQBits|M0 0558 0.717 0.757 0.578 0.514 VMATF [23] 0.431 0.870 0.834 0.664

test_1 AV QBits|HO|s 0343 0.903 0.872 0.700 0.816 ADM2 [114] 0.494 0.825 0.819 0.640

WS_SSIM 0.500 0.820 0.864 0.671

test_2 AV QBits | M3 0.314 0.926 0917 0.757 0.858 VIFP [115] 0.554 0.773 0.656 0.502

/P.1204.3 WS_PSNR 0598 0729 0767 0.582

test_2 AVQBitSIMl 0.452 0.841 0.849 0.669 0.707 SSIM [112] 0.622 0.702 0.730 0.563

test_2 AV QBits|M0 0.527 0775 0.834 0.653 0.600 PSNR 0.762 0.489 0.627 0.469
test_2 AV QBits|HO|s 0314 0927 0916 0.753 0.859

- AV QBits|M3/P.1204.3 0.377 0.894 0.870 0.679

test_3 AVQBltSIM?) 0.495 0.824 0.707 0.504 0.679 AVQB’LtS‘M]. 0.581 0.709 0.677 0.497

/P.1204.3 AV QBits| MO0 0627 0658  0.686 0.401

test_3 AVQBitslMl 0.780 0.324 0.224 0.134 0.105 AVQBitS‘HO|S 0.356 0.906 0.886 0.695
test_3 AV QBits|M0O 0.770 0.382 0.405 0.267 0.146
test_3 AV QBits|HO|s 0395 0.880 0.796 0.596 0.775

strategies [116]. The difference in performance for the
different bitstream-based models can also be observed in
the scatter plots depicted in Figure 14. Here, it can be
seen that both AVQBits|M0 and AVQBits|M 1 suffer from
large prediction errors for certain cases. The difference in
performance between the proposed models is most prominent
for test_3 which involved comparison between 4K, 6K,
and 8K 360° videos. It should be noted that the proposed
models have only been trained and validated on videos up to
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4K/UHD-1 resolution. Furthermore, from the results for the
Hybird No-reference Mode 0 model AVQBits|HO|s it can be
seen that the model performs well for all the three tests, and
is on par with the performance of AVQBits|M3 / P.1204.3.
The AVQBits|HO|s model performs significantly better than
Mode 0 and Mode 1 due to its ability to better estimate
the complexity of the content compared to either Mode
0 or Mode 1, as it can use the entire bitstream information
of the QEB. AVQBits|HO|f is not explicitly considered for
evaluation because the codec used to encode videos in the test
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FIGURE 14. Scatter plot of P.1204.3 and its extensions for 360 Streaming Video Quality Dataset.

was H.265, which is the default codec for AVQOBits|HO|f and
hence both AVQBits|HO|s and AVQBits|HO|f are the same
model in this case.

In Table 19, a comparison of the proposed bitstream
models with a number of SoA models is reported. The
performance numbers for the SOA models are taken directly
from the work by Madhusudana et al. [44]. It can be observed
that AVQBits|M3 / P.1204.3 performs on par with the best
performing FR model, i.e. VMAF. It is further shown that
the Mode 0 model proposed in [44], hereafter referred to
as “ModeOF”, performs better than the Mode O model
AVQBits|M0 proposed in this paper. It should be noted that
the ModeOF model was specifically trained for the 360°
video use-case and the performance numbers reported in
Table 19 are based on a 50:50 training-validation strategy.
Moreover, the sources in test_1 and test_2 are the same,
which leads to an increase in prediction accuracy of the
ModeOF model. Furthermore, it can be seen that the proposed
AVQBits|H0l|s model outperforms the hybrid model proposed
by Fremerey et al. [44], despite not being specificaly trained
for 360° videos. This is due to the fact that a more holistic
approach is proposed in this paper with the QEB, using
re-encoded bitstream features that are considerably more
indicative of content complexity in the Random Forest part
of the underlying AVQBits|M 3 / P.1204.3 model than the SI
and TI information used in [44].
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E. HIGH FRAMERATE VIDEOS

The last extended use-case that is considered for the
evaluation of the proposed bitstream models in this paper is
HFR video. For this purpose the LIVE-YT-HFR dataset is
used. Although this use-case falls into the broad category of
traditional 2D videos, the HFR use-case is still considered
as an extended application scope as the proposed models
have been trained and validated only for video of framerate
up to 60 fps. As was the case with gaming and 360° video,
no retraining was performed on the proposed bitstream-based
models for the specific use-case.

Table 20 compares the performance of the proposed
AVQBits models with SoA models for each framerate. The
performance numbers for the SOA models are taken directly
from the work by Fremerey et al. [45]. In general, it can
be observed that AVQBits|\M3 / P.1204.3 model performs
on par with VMAF for all framerates. The performance
is similarly good for the hybrid models AVQBits|HO|s
and AVQBits|HO|f, although AVQBits|HO|f with its fixed
encoder shows a slightly worse performance. The results
for this model variant could be enhanced by a dedicated
retraining of the depmap and bepap for HER specific content.
The Mode 0 (AVQBits|M0) and Mode 1 (AVQBits|M1)
models show similar performance to that of SSIM, MS-SSIM,
ST-RRED and FRQM. It can also be seen that prediction
accuracy in terms of both PCC and SROCC is significantly
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FIGURE 15. Scatter plot of P.1204.3 and its extensions for LIVE-YT-HFR dataset.

TABLE 20. Comparison of performance of P.1204.3 and its extensions with SoA models on the LIVE-YT-HFR dataset (The performance numbers for the

SoA models are taken directly from the work by Madhusudana et al. [45]).

Model 24fps 30fps 60fps 82fps 98fps 120fps Overall
SROCC PCC SROCC PCC SROCC PCC SROCC PCC SROCC PCC SROCC PCC SROCC PCC

PSNR 04101 03647 04414 04179 0.6202 0.5719 0.6878 0.6431 0.7171 0.6489 0.6019 0.5937 0.6950 0.6685
SSIM [112] 0.1277  0.0949 0.1108 0.0816 0.2123 0.1845 0.2079 0.2430 0.3876  0.3964 0.7485 0.6726 0.4494  0.4526
MS-SSIM [113] 0.2221  0.1500 0.1929 0.1112 02516 0.1900 0.2906 0.2549 0.4237 0.4007 0.6165 0.5843 0.4898 0.4673
FSIM [117] 03670  0.3038 03208 0.2638 0.2472  0.2615 0.3225 0.3055 0.3861 0.2646 03056 0.1178 0.4469  0.4435
ST-RRED [118] 0.1541 0.0369 0.1188 0.0307 0.5062 0.4457 0.3394 0.3271 0.4962 04556 0.6745 0.5906 0.5531 0.5107
SpEED [119] 0.2591 0.1237 0.2278 0.0896 0.1824 0.1110 0.2955 0.2425 0.4118 03295 0.6827 0.6097 0.4861 0.4449
FRQM [93] 0.1556  0.2089 0.0983 0.0854 0.0947 0.0309 0.0137 0.0035 0.0317 0.0100 - - 04216  0.4520
VMAF [23] 0.1743  0.2669 0.2855 0.3740 0.5408 0.6015 0.6820 0.7390 0.8214 0.8128 0.7943 0.7844 0.7303  0.7071
deepVQA[120] 0.1144 0.0495 0.1353 0.1059 0.2527 0.1652 0.1803 0.1515 0.2816 0.2654 0.6865 0.6209 0.3463 0.3329
GSTI [95] 0.4554  0.5827 0.5079 0.6664 0.6853 0.7507 0.7584 0.8194 0.7886 0.7953 0.7508 0.7258 0.7983  0.7917
AVQBits|M3 05395 07806 0.6244 0.8619 0.7722 0.8921 0.8325 09145 0.8548 0.9125 0.8752 0.9184 0.7118 0.7805
/P.1204.3

AVQBits|M1 04990 0.6870 0.5433 0.7223 0.7086 0.7638 0.7129 0.7326  0.7417 0.7477 0.7476  0.7218 0.4809  0.5528
AV QBits|M0 0.5053 0.6643 0.5453 0.6953 0.6961 0.7320 0.6788 0.6893 0.7261 0.7061 0.7273 0.6832 0.4947 0.5538
AV QBits|HO|s 0.5535 0.7784 0.6459 0.8326 0.7794 0.8633 0.8133 0.8814 0.8519 0.8843 0.8849 0.8855 0.7324 0.7887
AV QBits|HO|f 05680 0.7806 0.6362 0.8303 0.7789 0.8591 0.7832 0.8572 0.8219 0.8424 0.8421 0.8498 0.6740 0.7242

worse for lower framerates than for higher framerates for all
the proposed models. This is due to the fact that the femporal
degradation component of the “Core Model” considers
60 fps as the maximum framerate as that was the framerate of
the used display for subjective testing for both AVT-PNATS-
UHD-1 and AVT-VQDB-UHD-1. The temporal degradation
associated with the perceived video quality is then estimated
relatively to 60fps thereby underestimating the impact of
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lower framerates on perceived video quality when viewed
on a display with higher framerate such as 120fps. The
models show a significantly better performance at higher
framerates (> 60 fps), as the effect of temporal degradation
on perceived video quality decreases at higher framerates.
This is consistent with findings presented in [91]. Figure 15
illustrates the scatter plots for the different AVQBits variants
on the LIVE-YT-HFR dataset.
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VIil. DISCUSSION AND CONCLUSION

The paper presents an information-adaptive, bitstream-based
video quality model, AVQBits. With its four variants,
it can operate on bitstream-based input information of
different complexity. The so-called Mode 3 variant of the
model, AVQOBits|M 3, has been standardized as ITU-T Rec.
P.1204.3 [27]. The model algorithm and performance of
AVQBits|M3 have been described in [39] and [22]. The
present paper complements this work in three directions:
(1) introducing three further AVQBits variants that adapt
the model algorithm according to the input information
available in a given context; (2) proposing a long-term
integration module that allows accurate predictions for
typical HTTP-based adaptive video streaming sessions; (3)
evaluating all four short-term video model types, out-of-
the-box, for application scenarios the models have not
initially been developed for, and showing their competitive
performance in comparison with SoA models. The newly
introduced, light-weight Mode 0 model AVQOBits|MO uses
metadata such as framerate, resolution and bitrate for
prediction. The Mode 1 model AVQBits|M 1 delivers more
precise predictions by additionally using frame-type and
frame-size information. Both models employ the available
input information to predict QP as the main information used
in the Mode 3 model AVQBits|M 3 / P.1204.3. The third type
of video quality models presented in this paper is hybrid,
that is, metadata- / Mode 0 and pixel-based, AVQBits|HO.
The underlying approach is to re-encode the decoded pixel-
information into a *“Quality-equivalent Bitstream”, using the
metadata for selecting encoder settings. Two versions of this
algorithm are presented, one using the same codec as the
one initially employed (AVQBits|HO|s), and one using a fixed
encoder, in this case HEVC/H.265 (AVQBits|HO|f).

All model variants were trained for traditional 2D videos
and specific encoder implementations. Based on the eval-
uation on a dataset different from the training data, it is
shown in this paper that all models have highly competitive
performance for “normal” 2D video, also in comparison to
SoA models. To analyze the generalizability of the introduced
models, all models were evaluated on different further
application scopes (contribution (3) mentioned above). For
this purpose, gaming video, 360° video and HFR video
have been considered. Within this evaluation on extended
application scopes, other use-cases, e.g., different encoder
implementations have also been addressed. The evaluation
for each case is based on multiple subjective tests to
investigate the impact of different designs on the prediction
accuracy of the models. For this purpose, four different
datasets for gaming, three tests from the 360 Streaming Video
Quality Dataset for 360° video and a dataset consisting of
HFR videos are considered.

The evaluation of the proposed models also in com-
parison to SoA models shows that the AVQBits|M3 /
P.1204.3 bitstream Mode 3 model performs very well in
terms of both RMSE and PCC for all use-cases. The
performance of this model may further be improved by
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including use-case-specific features, e.g. for 360° or gaming
videos, updating the temporal degradation component of the
“Core Model” in case of HFR videos. The Mode 1 model
AVQBits|M 1 shows very good performance for the gaming
video use-case. The somewhat reduced performance for 360°
video and HFR can be attributed to multiple factors, which
are, for example, the lack of a use-case-specific retraining
and missing of specific features. More sophisticated features
using framesize and frame type information to take into
account the effect of encoding of different contents may be
used to extend the models to improve prediction performance.

The performance of the Mode 0 model AVQBits|M 0 varies
more strongly in terms of accuracy for different use-cases and
also for individual tests within a specific case. This is along
expected lines since a Mode 0 model is content-agnostic and
hence its generalizability is very limited. However, it should
be mentioned, that a Mode 0 model is also more applicable
for monitoring and real-time evaluation of video quality,
for example in case that no access to encoded bitstream
information is available and a light-weight model is sought.
Furthermore, to improve the performance of such metadata-
based models, use-case specific coefficient sets may be
helpful. Moreover, for both Mode 0 and Mode 1 models, the
QP prediction may be modified and made use-case specific
to cover different encoding strategies and will be considered
for further development. The performance of both variants of
the Hybrid Mode 0 model, AVQBiIts|HO0|s and AVQBits|HO|f,
is comparable to the AVQBits|M 3 / P.1204.3 both in terms of
PCC and RMSE for all the considered use-cases.

The comparison of the proposed models with SoA models
for different application scopes shows that for all use-
cases AVOBits|M3 / P.1204.3 either performs on par with
or outperforms the best performing FR model, i.e. VMAF.
Although the performance of the Mode 0 and Mode 1 models
varies for different use-cases, the performance of these
models is better than SoA NR models in general and also
comparable to FR models other than VMAF.

Additionally, the hybrid model AVQBits|HO|s shows great
potential not only for “normal” 2D video, but also for
other application scopes, with similar or only slightly worse
performance as compared to the Mode 3 AVQBits|M3 /
P.1204.3 model. Also the codec-agnostic AVQBits|HO|f
model shows good performance across the different use-
cases. A more use-case-specific parameter-handling for this
generic hybrid codec will be considered in future work, thus
even better ensuring that there is no need to develop bitstream
parsers for newer codecs in the case of having the decoded
pixels accessible.

As a further contribution, a long-term integration model
is proposed in this paper, which is the item (3) mentioned
in the beginning of this section. A simplified version of the
P.1203.3 model [36] has been proposed for this purpose.
Hence, in addition to evaluating the applicability of the
proposed models for different short-term video application
scopes, their usage as the video quality estimation component
of the proposed long-term integration model has also been
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investigated. The per-1-second quality scores estimated by
the AVQBits|M3 / P.1204.3 model are used, and shown to
yield high accuracy. Also all other model variants show good
performance when using their predictions in terms of per-1-
second scores in conjunction with the proposed integration
module. As expected, Mode 0 (AVQBits|M0) works least
well, Mode 1 (AVQBits|M 1) shows intermediate and the
hybrid model AVQBits|HO|s shows strong performance,
almost as good as that of the Mode 3 model AVQBits|M 3.

IX. OUTLOOK

As outlined above, the focus of the present paper was
on presenting the overall AVQBits framework and the
different models of four model types, bitstream Mode 3
(AVQBits|M3/P.1204.3), Mode 1 (AVQBits|M 1) and Mode 0
(AVOBIts|M0), as well as hybrid Mode 0 (AVQBits|HO|s
and AVQBits|HO|f). The models were initially developed
for 4K/UHD-1 with a maximum framerate of 60 fps, and
shown to yield competitive performance also in comparison
to SoA models. The performance evaluation of the models
for other application scopes than the one they were initially
developed for was performed with the models out-of-the-
box. Although the proposed models have been evaluated
for different scenarios showing competitive performance, the
models can be enhanced to increase the prediction accuracy,
adjusting them to the specific use-cases. As a starting point
for future work, retraining the coefficients of the Mode
0 and Mode 1 models AVQBits|M0O and AVQBits|M 1 with
several application-specific databases will be performed.
Furthermore, a dedicated HFR variant of AVQBits|M3 /
P.1204.3 will be developed (see Sec. III-A), from which the
hybrid models AVQBits|HO|s and AVQBits|HO|f can directly
be derived. To this aim, the existing Mode 3 bitstream features
will be adapted to be more frame-rate specific. For example,
scaling the motion vectors in a more precise way to the
actual speed of motion in pixels per time is expected to
improve the specificity of the motion complexity information
utilized in the Random Forest part of the model. Here, new
and complementary bitstream features can be considered
in addition. Already the retraining of the Random Forest
component with a mixed dataset comprising some of the data
from the LIVE-YT-HFR ( [45], see Sec. V-G) and the AVT-
PNATS-UHD-1 dataset (see Sec. V-B) is expected to result in
an improved handling of low and high framerates. It is noted
that the subjective test data initially used for the AVQBits
model development did not comprise many combinations of
low or high framerates with other diverse video settings in
terms of resolution or bitrate.

Moreover, improvements of the D; component in the
Core model that captures frame-rate specific effects will be
considered for all model variants. This way, also the content-
agnostic Mode 0 model can be further improved for HFR
video quality estimation. Similarly to the Mode 3 feature
adaptations for the Random Forest model component to
HFR, improvements are conceivable for the 360° video
case. Here, modifications to motion-related features as well
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as other features that better handle the specific projection
geometry will be addressed, and are expected to lead to
an even better prediction performance. In addition to this,
further investigations of the proposed models on newer
applications such as quality evaluation of user generated
content, encoding optimization, newer video codecs, or point
cloud compression will be considered.
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