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ABSTRACT

Toward A General Parametric Model for Assessing the Impact of Video Transcoding on

Objective Video Quality

by

Nawaf Omar N. Alsrehin, Doctor of Philosophy

Utah State University, 2016

Major Professor: Dr. Stephen W. Clyde
Department: Computer Science

Video transcoding can cause degradation to an original video. Currently, there is no general model
that assesses the impact of video transcoding on video quality. Such a model could play a critical role in
evaluating the quality of the transcoded video, and thereby optimizing delivery of video to end-users while
meeting their expectations.

The main contribution of this research is the development and substantiation of a general
parametric model, called the Video Transcoding Objective-quality Model (VTOM), that provides an
extensible video transcoding service selection mechanism, which takes into account both the format and
characteristics of the original video and the desired output, i.e., viewing format with preferred quality of
service. VTOM represents a mathematical function that uses a set of media-related parameters for the
original video and desired output, including codec, bit rate, frame rate, and frame size to predict the quality
of the transcoded video generated from a specific transcoding.

VTOM includes four quality sub-models, each describing the impact of each of these parameters
on objective video quality, as well as a weighted-product aggregation function that combines these quality
sub-models with four additional error sub-models in a single function for assessing the overall video

quality.
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I compared the predicted quality results generated from the VTOM with quality values generated
from an existing objective-quality metric. These comparisons yielded results that showed good correlations,
with low error values.

VTOM helps the researchers and developers of video delivery systems and applications to
calculate the degradation that video transcoding can cause on the fly, rather than evaluate it statistically
using statistical methods that only consider the desired output. Because VTOM takes into account the
quality of the input video, i.e., video format and characteristics, and the desired quality of the output video,
it can be used for dynamic video transcoding service selection and composition.

A number of quality metrics were examined and used in development of VTOM and its
assessment. However, this research discovered that, to date, there are no suitable metrics in the literature
for comparing two videos with different frame rates. Therefore, this dissertation defines a new metric,
called Frame Rate Metric (FRM) as part of its contributions. FRM can use any frame-based quality metric
for comparing frames from both videos.

Finally, this research presents and adapts four Quality of Service (QoS)-aware video transcoding
service selection algorithms. The experimental results showed that these four algorithms achieved good
results in terms of time complexity, success ratio, and user satisfaction rate.

(196 pages)



PUBLIC ABSTRACT

Toward A General Parametric Model for Assessing the Impact of Video Transcoding on

Objective Video Quality
Nawaf Omar N. Alsrehin

The ultimate goal of any video delivery system is to allow any user to watch any video of any kind
on any display device over any type of network with a desired output, i.e., viewing codec with preferred
quality of service. This could theoretically require 10°? video transcoding functions that convert any
original video to any desired output. Guaranteeing a required format and preferred quality of service of the
perceived video requires selecting or composing a set of transcoding functions that satisfy the requested
format and preferred quality of service. An effective way to accomplish this is by allowing the selection
and composition mechanisms to take place based on a model that accurately assesses the impact of each
transcoding function on video quality. Using such a model, each user will receive the requested video based
on the required format and preferred quality of service.

The main contribution of this research is the development and substantiation of such a model,
called Video Transcoding Objective-quality Model (VTOM), that provides an extensible video transcoding
service selection mechanism, which takes into account both the format and characteristics of the original
video and the desired output. VTOM represents a mathematical function that uses a set of media-related
parameters for the original video and desired output, including codec, bit rate, frame rate, and frame size to
predict the quality of the transcoded video generated from a specific transcoding function.

VTOM includes four quality sub-models, each describing the impact of one of these parameters on
objective video quality, as well as a weighted product aggregation function that combines these quality sub-
models with four additional error sub-models in a single tool for assessing the overall video quality. I
compared the predicted results from the VTOM with quality values generated from an objective video
quality metric. These extensive comparisons yielded results that showed good correlations, with low error

values.



vi

Because no suitable metrics exist in the literature that evaluate the relative quality of two videos
that have different frame rates, this research presents and develops such a metric, called Frame Rate Metric
(FRM). FRM uses any frame-based objective quality metric to compare two videos. This research also
presents a strategy that helps in evaluating the relative quality of two videos that have different frame sizes.

This research also presents and adapts four QoS-aware video transcoding service selection
algorithms. Each of them selects the "best-fit" video transcoding service from a pool of available ones. This
selection satisfies the requested format and desired quality of service. The evaluation results showed the
effectiveness and the efficiency of these candidate algorithms.

As a consequence from this dissertation, the researchers and developers of video delivery systems
and applications have a model to calculate the degradation that each transcoding function can cause rather
than statistically evaluate it. Current statistical methods consider only the desired quality of service. This

can lead us to conclude that VTOM can improve video transcoding selection and composition algorithms.
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I dedicate this work to the soul of my brother, Baha'a Omar Alsrehin.
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CHAPTER 1

INTRODUCTION AND MOTIVATION

1.1. Introduction

The unprecedented growth of ubiquitous communication infrastructure and cloud-based video
delivery systems, the increased number of end-user devices ranging from desktop computers to smart
phones, and the improvements in display characteristics, computational power, and storage have all
facilitated the general public being able to create, capture, and access video content at any time and from
anywhere. Cisco” predicts that there will be more than 50 billion devices connected to the Internet of
Things (IoTs) by 2020 [1]. In 2013, video traffic accounted for 66% of all consumer Internet traffic, and
Cisco® predicts that this will grow to 79% by 2018 [2]. Moreover, Cisco” predicts that Wi-Fi and mobile
devices will account for 61% of Internet traffic by 2018, from 44% in 2013.

However, delivering video content to the end-users based on their requirements, i.e., required
video format, and preferences, i.e., desired QoS, is a challenge. Storing, transcoding, and transmitting video
content are still expensive processes due to the massive amount of data required for digital video, the
heterogeneity of end-user devices and QoS demands, and the variety of video formats.

Another challenge is transmitting video content over network routes that have limited or
unpredictable bandwidth and are subject to congestion problems. This challenge is especially evident for
the "last mile," which is the link in a network route that connects directly to the end-user’s device. The "last
mile" is often over a mobile telecommunication link, like 4G, or a wireless network.

A third challenge is that consumer eyes are better trained than ever, and they expect higher quality
with faster services. These trends lead us to believe that the demand for a responsive video delivery is
going to increase in the near future.

A video is a media file that has a video codec or format and video characteristics. A video coding

format defines the structure of the video’s image and audio data. Some popular formats are H.264, MPEG-



4 part 2, MJPEG (Motion JPEG), WMV, and DivX, but there are over 20 in common use today [3]. A
codec is a piece of software that can encode video data into a particular format or decode a video from that
format. A codec’s name is often used as a synonym for the format with which it works. Video
characteristics include frame size, i.e., width and height, frame rate, bit rate, and audio sampling rate and all
characterize a video [4]. However, since the audio portion of the video forms only a small part of the data,
it is often not considered in QoS-related decisions. Therefore, without compromising the proposed model, I
have excluded it from this research.

For this research, quality is a measure of how a transcoded video looks compared to the original.
This measure can be evaluated either objectively or subjectively [5]. Objective evaluation techniques, such
as Mean Square Error (MSE) [6], are mathematical models that approximate expert judgments. Since they
are mathematical models, a computer program can automatically calculate them. Subjective evaluations, on
the other hand, require expert judgments. Video quality can be affected by changing the codec or adjusting
any of the video characteristics mentioned above. Objective video quality is a measure of a quality that is
evaluated using an objective-quality metric. This research uses three full-reference’ objective-quality
metrics to evaluate the quality of the transcoded videos. See Appendix B for more detail.

Desired QoS represents the end-user preferences, which includes bit rate, frame rate, and frame
size. Calculating the desired QoS is an interesting human-factors and device management problem, but it is
outside the scope of this research.

Besides storing and transmitting video content, video delivery systems convert the original video,
which was captured in some specific format and at a certain quality, to match the end-user's required
viewing format and desired QoS. A video transcoder is a piece of software that does this conversion [7]. To
convert both video format and characteristics, a transcoder typically uses a two-step approach. First, it
decodes the incoming video into a raw uncompressed format. Then, it re-encodes the uncompressed format

into the required output format and characteristics that meet the desired QoS. See Figure 1.1.

! Full-Reference (FR) metrics are metrics that compute the quality difference by comparing the original
video signal against the transcoded video signal, in which every pixel from the source is compared against
the corresponding pixel at the transcoded video. In FR metrics, both the original and transcoded videos
should be available [5].



Video transcoding may occur entirely before the streaming begins, e.g., Amazon Elastic
Transcoder”, or it may be integrated into the streaming process, e.g., Akamai Media Content Delivery®.
This research focuses on video transcoding, and it does not matter whether the conversion occurs before
streaming or in a pipeline with the streaming. Chapter 2 and Appendix A provide more information about
video transcoding techniques and types.

A video delivery system may have thousands of different transcoding functions, but even then,
those will only represent a fraction of possible mappings. For example, assume that there are 20 different
coding formats. Also, assume that there are over 5 million different frame sizes (ranging up to 4096x2160),
10 different frame rates, and approximately 10 million different bit rates. This means there are 5'* possible
quality settings or levels. Together, there would be 10" possible combinations of formats and qualities and
10*? possible mappings. In reality, most of these combinations and mappings are not interesting. Still, it is
likely for an end-user to request a format and quality for which the delivery system has no transcoder that
provides the desired mapping exactly. In such cases, a composition of multiple transcoding functions is
necessary.

A transcoder is a software implementation of one or more transcoding functions. It is common for
a single transcoder to handle many different mappings that all have the same input and output formats.
Given a video in the format f; and a required output format f,, a compatible transcoder is a transcoder that
accepts a video with a format of f; as input and directly generates a video of format f,. In other words, a

compatible transcoder for f; and f, implements a set of video transcoding functions that differ in terms of

Figure 1.1. Video transcoding.



the input and output video characteristics. If the video delivery system has a compatible transcoder that
matches the input video and end-user requirement, then it would select a transcoding function from that
transcoder whose output closely matches the end-user preferences, i.e., desired QoS.

If the video delivery system does not have a compatible transcoder, the system will need to
compose two or more transcoding functions implemented in different transcoders. The first transcoding
function would convert the original video into an intermediate format that would then become the input for
the next transcoding function. The output of that function would be either the desired output or the input to
a third transcoding function, and so forth until the requested video content satisfies both the requested
format and desired QoS. With a composition of transcoding functions, each function in the sequence can
degrade the quality of the original video content.

Even with a single transcoding function, assessing the potential degradation to quality is a
challenging task for three reasons. First, each video characteristic can introduce loss of information, albeit
in a different way, which alters the end-user’s perception of the video. For example, reducing the frame rate
might affect the motion level, while reducing the bit rate might affect the frame quality and thereby the
overall quality. Second, the video characteristics are not independent of each other. For example, a change
in a frame rate or a frame size may necessitate a change in a bit rate. Third, there are lower limits to the
video characteristics, beyond which the video becomes unwatchable. For example, reducing the frame rate
below 5 frames per second (fps) might interrupt the perception of smooth motion. There are also upper
limits for specific formats, but this is not considered a significant source of degradation.

To address the above challenges, this research develops a general parametric model, called the
Video Transcoding Objective-quality Model (VTOM), that assesses the impact of video transcoding on
objective video quality. VTOM also aims to assess the quality of the transcoded video that is generated
from a single transcoding function. In addition, VTOM helps not just in the selection of a single
transcoding function. It also provides the foundation that can be extended, in a future work, to help in
composing a set of transcoders. This extension also can help in assessing the quality of the transcoded
video that is generated from composing a set of transcoding functions. Chapter 8 describes the future work

in more detail.



Generally, parametric models predict the perceived quality based on a set of parameters that are
related to the encoding or transcoding distortions, video content, motion level, and/or transmission process
[8]. Parametric models are easy to implement since there is no need to fully access the original or
transcoded videos. The VTOM uses a set of media-transcoding parameters, which includes the video
format and characteristics mentioned above.

To evaluate the VTOM and its sub-models, I measured the degree of correlation between the
predicted quality that the VTOM generates and the quality measures from an existing objective-quality
metric, called Multi-Scale Structural Similarity (MS-SSIM) [9]. I computed the correlation by using the
Person Correlation Coefficient (PCC), and I measured the degree of prediction by using the Root Mean

Square Error (RMSE). Appendix B provides more detail about this evaluation strategy.

1.2. A Typical Example for Video Delivery with Transcoding
Figure 1.2 shows an example that makes use of video transcoding selection and composition
processes in a distributed cloud environment. This example may be considered typical of video delivery

systems, such as YouTube™, Netflix®?, Akamai®*, or Hulu®

, Where a video is transcoded in different steps
according to the end-user’s viewing capabilities and the bandwidth of network route, particularly the “last
mile.”

In this example, user A uploads video content to the cloud using a personal computer. Then users
B, C, and D request and play that video using a laptop, a smart TV, and a smart phone, respectively. If the
original video format that is uploaded by user A is not supported by user B, C, or D’s device or playback
software, then this video must be transcoded to a new format that is supported by user B, C, or D’s device.

Furthermore, users B, C, and D may have different network limitations and therefore different desired

QoS’s.

2 https://www.youtube.com/
3 http://www.netflix.com/

* https://www.akamai.com/
5 hitp://www.hulu.com/



Figure 1.2. An example of video delivery system that makes use of video transcoding selection and
composition processes in a distributed cloud environment.

Imagine that user A uploads a video in the MPEG-2 format with a frame rate of 30 fps, a frame
size of 1920x1080, and a bit rate of 6.0 Mbps. User B may want that video in the MJPEG format with 25
fps as a frame rate, 1280x720 as a frame size, and 4.4 Mbps as a bit rate based on his device and network
bandwidth capabilities. However, user C may want that video in the H.264 format at 20 fps as a frame rate,
640x480 as a frame size, and 1.8 Mbps as a bit rate. Similarly, user D may want that video in a third format
and at another QoS. To optimize transmission while still satisfying user expectations, a video delivery
system will transcode the original video three times, one for each of these users.

If the cloud-based video delivery system has compatible transcoders, i.e., from MPEG-2 to H.264,
then the problem becomes selecting a transcoding function whose output best matches the desired QoS. If
the cloud-based video delivery system does not have any compatible transcoders, then the system needs to
compose multiple transcoding functions.

Assume that the cloud-based video delivery system shown in Figure 1.2 has transcoders that
convert from MPEG-2 to MJPEG (type T;) and MJPEG to H.264 (type T,), but does not have any
transcoder that directly converts MPEG-2 to H.264. Each transcoder might have hundreds of different

transcoding functions, each with different QoS specification values.



For user B, the delivery system must select a transcoding function from T whose output best
matches the desired QoS. For user C, the delivery system must select and compose transcoding functions
from types T; and T,, where the output of the first transcoding function becomes an input to the second. It
is conceivable that scenarios exist where the delivery system must compose three or more transcoding
functions to generate a video in the required format and desired QoS, but I believe that such situations are
rare and do not alter the fundamental problem of selection and composition.

When a single transcoding function or a composition of functions is necessary, each transcoding
function can degrade the quality of the original video. Degradation is a loss of information that negatively
affects the end-user experience, so the goal of the selection and composition is to keep that degradation as

low as possible.

1.3. Contributions

The example illustrated in Figure 1.2 demonstrates the need for a general model that assesses the
impact of video transcoding on video quality. To accomplish this, VTOM provides an extensible video
transcoding service selection mechanism that takes into account the format and characteristics of the input
video, the format required by the video playback software, and the desired QoS. For convenience, we refer
to these as the transcoding parameters.

To measure the impact of each of these parameters on objective video quality, I developed four
quality sub-models, one for each of them. In addition, to measure the weight, i.e., affect, of each of these
parameters in the overall quality, I developed four additional error sub-models. VTOM combines these
quality and error sub-models in a single tool to predict the overall quality of the transcoded video generated
from a single video transcoding function. Specifically, VTOM represents a weighted product aggregation
function where the estimated perceived quality is computed as a result of a direct mathematical function
based on the values of these transcoding parameters. This mathematical function generates a value between
0 and 1, the higher the value, the better the quality.

To develop the VTOM, I used a set of raw, uncompressed videos from the VQEG Phase 1 2010

video data set [10] to generate a set of encoded videos. Then I transcoded these encoded videos to generate



a new set as a training set of transcoded videos by changing the video codec and reducing the values of
each of the bit rate, frame rate, and frame size during video transcoding. After that, I used the MS-SSIM as
an objective quality metric to compare the encoded and transcoded videos and recorded the quality results.
I aggregated these quality results in different ways to explore the impact of changing each of these
parameters on objective video quality. I used these aggregated results as reference values to develop the
VTOM and its sub-models. Chapter 5 and Appendix C describe the exploring phase in more detail. Chapter
6 and Appendix D present the development phase in more detail.

To evaluate the VTOM, I used another set of raw, uncompressed videos from the VQEG Phase 1
2010 video data set [10] to generate a new set of encoded videos. Then I followed similar steps described
above to generate a new set as a testing set of transcoded videos. After that, [ used the MS-SSIM to
compare the encoded and transcoded videos and recorded the quality results. I compared these quality
results with the predicted quality values generated from the VTOM. These extensive comparisons yielded
results that showed good correlations with low error values. Chapter 6 and Appendix D present and
describe the evaluation process in more detail.

In accomplishing the above main contribution, this dissertation provides the following specific

contributions:

1. It explores and analyzes the impact of video encoding on objective video quality. I used nine
original, raw, uncompressed videos from the VQEG phase 1 2010 video data set [10] to
generate around 189 encoded videos. I encoded these original videos using three different
video codecs, i.e., H.264, MPEG-4, and FLV, at seven different bit rate values ranging from
2 to 20 Mbps. I used the following three full-reference objective quality metrics to evaluate
the quality of the encoded videos: Peak Signal-to-Noise Ratio (PSNR) [11], Structural
Similarity (SSIM) [12], and MS-SSIM [9]. See Appendix B for more detail about these
quality metrics. The quality evaluation results showed that the H.264 codec encodes the
original videos in a better quality than the MPEG-4 and FLV codecs at a given bit rate.

Chapter 5 describes this encoding and its quality results in more detail.



It explores, analyzes, and models the impact of each of the following on objective video
quality in video transcoding: a) changing the video codec, b) reducing the bit rate, c)
reducing the frame rate, and d) reducing the frame size. I used five original, raw,
uncompressed videos from the VQEG phase 1 2010 video data set [10] using the three
codecs mentioned above, three different frame rates, i.e., 25, 20, and 15 fps, three different
frame sizes, i.e., 1440x900, 1280x720, and 640x420, and seven different bit rates, i.e., 2, 4,
6, 8, 10, 15, and 20 Mbps, to generate around 1155 transcoded videos. Chapter 5 and
Appendix C present and describe the exploring and analysis steps in more detail. Chapter 6
and Appendix D present and describe the modeling step in more detail. This modeling step
generates four parametric quality sub-models, each of which handles changing or reducing a
specific transcoding parameter. To evaluate these models, [ used four different videos from
the same video data set mentioned above to generate in total 924 transcoded videos as a
testing set. I compared the predicted quality results that are generated from each of these
quality sub-models with quality values generated from MS-SSIM. These extensive
comparisons yielded results that showed high correlations, with low error values.

It presents and substantiates four parametric error sub-models that assess the error in
evaluating the impact of changing or reducing each of the above transcoding parameters on
objective video quality in video transcoding. I used the error sub-models to calculate the
weight of each transcoding parameter in the overall quality. To develop and evaluate these
error sub-models, I used the testing set mentioned above that generates 924 transcoded
videos. The evaluation results showed high correlations between the results that are
generated from the error sub-models and the actual error values that I got from the difference
between the quality sub-models' results and the actual quality values that I got from using the
MS-SSIM metric [9]. In addition, the evaluation results showed low error values. Moreover,
the evaluation results showed that normalizing the error generated results that decreased the

PCC values and increased the RMSE of the VTOM. Chapter 4 formally defines the error in
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assessing the quality. Chapter 6 and Appendix D present and describe these error sub-models
in more detail.

4. It presents and develops a new metric, called the Frame Rate Metric (FRM), for evaluating
the relative quality of two videos that have different frame rates. FRM uses any frame-based
quality metric for comparing frames from both videos. FRM represents an initial step toward
developing a more robust metric. Chapter 5 describes this metric in more detail. It also
presents a strategy that helps in evaluating the relative quality of two videos that have
different frame sizes. This strategy uses any frame-based objective quality metric for
comparing frames from both videos.

5. It presents and adapts four QoS-aware video transcoding selection algorithms [13]. Each of
them selects the "best-fit" video transcoding function from a pool of available ones. This
selection satisfies the requested format and comes as close as possible to satisfy the desired
QoS. The evaluation results showed the effectiveness and the efficiency of these candidate
algorithms in terms of time complexity, success ratio, user satisfaction rate, and recall and
precision. Chapter 7 describes these algorithms and the evaluation process and results in
more detail.

6. It presents a general model for a cloud-based video distribution system [13] [14]. This
system contains three sub-systems: a) a cloud-based video management system, b) a cloud-
based video transcoding system, and c) a cloud-based video streaming system. Chapter 7
provides more detail on these systems.

7.  As atechnical contribution, it provides an implementation of a set of 780 video transcoding
functions that handle different combinations of different values of video transcoding
parameters. This implementation is based on Java” SDK 1.8 and Xuggler® 4.5.

As a consequence of this dissertation, the researchers and developers of video delivery systems

can use VTOM to calculate the degradation of video transcoding function dynamically rather than
statistically evaluate it. Thus, VTOM can improve video transcoding selection and composition algorithms.

Also, it can help video delivery systems meet end-user requirements and preferences, while optimizing



transmission. Moreover, it opens opportunities for researchers to propose extensions to VTOM or similar
models that consider additional video characteristics and end-user requirements or preferences.

The results from this research lead us to believe that further subjective studies would be of great
interest and value. Also, considering additional characteristics, requirements, and preferences could prove

to be very beneficial to a wide range of video-based systems and applications.

11
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CHAPTER 2

BACKGROUND AND RELATED RESEARCH

To appreciate the complexities of selecting an appropriate video transcoding function or a
sequence of functions, it is important to understand the fundamentals of video transcoding. This chapter
summarizes the key concepts related to video transcoding techniques. Appendix A provides more detail on
specific transcoding types. This chapter also presents state-of-the-art-research that is related to the problem
domain organized into the following four areas: a) multimedia selection and composition, b) models for
perceptual video quality estimations, c¢) the impact of video encoding on subjective and objective video

qualities, and d) the impact of video transcoding artifacts on subjective and objective video qualities.

2.1. Video Transcoding

The recent evolution of multimedia services and applications has accelerated the development of
video transcoding technology for four different reasons. First is the increased number of video display
formats, ranging from Quarter Common Intermediate Format (QCIF) for small handheld devices to Super
Ultra High Definition (SUHD) or 8K for large screens. Second is the increased number of end-user devices
that can consume the same video content. For example, in an effort to provide a representative set of
devices, the Xamarin Test Cloud™® currently supports over 1,000 different devices, and that number is
growing by 100 every month [15]. Third is the increased range of network bandwidths, ranging from less
than 1 Mbps to more than 1000 Mbps for wireless and wired networks [16]. Fourth is the increased number
of video formats that define the structure of the video’s image and audio data [3]. The release of a new
video format in the market has the potential problem of ensuring interoperability with other existing
formats. No one would start a video delivery business based on a single video format, because users are
very reluctant to lock themselves into using a single format. Therefore, supporting diverse video

transcoding capabilities is a critical requirement for any video delivery system.

6 https://xamarin.com/
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As mentioned earlier, the improvements in the end-user devices in terms of processing power,
display characteristics, computational power, and storage have all facilitated the general public being able
to create and capture high-quality video content. For example, iPhone 6s plus” supports video capturing
and playing at 4K resolution, and records SLO-MO video in 1080p HD at 120 fps, or in 720p at 240 fps
[17]. These videos are not suitable for transmission over networks with limited bandwidth, such as those
currently available via cell phone technology. Video transcoding can solve the problem by reducing the
amount of data that needs to be transmitted by changing the video format and characteristics. For this
reason, video transcoding is often referred to as either video adaptation or video repurposing [18].

As mentioned earlier and shown in Figure 1.1, the most popular approach to video transcoding is a
two-step approach in which the decoder first converts the original compressed video into an intermediate
uncompressed format, and then the encoder converts this intermediate format into a compressed target
format [7]. See Figures 2.1 and 2.2. These figures show a simple architecture for a decoder and encoder,
called cascade video transcoder, which takes as input a set of transcoding parameters, such as video
format, i.e., codec, spatial resolution, i.e., frame size, temporal resolution, i.e., frame rate, and bit rate [19].
I used this simple architecture in this research, which allows transcoding the original video without

introducing a significant distortion in the image quality [20].

In the cascade video transcoder architecture, the Variable Length Decoder (VLD) first decodes the
original bit stream. Then the decoded Discrete Cosine Transform (DCT) coefficients are inversely
quantized (IQ;) and transformed (IDCT), producing a copy of the original coded pixel. Motion

Compensation (MC) is performed on the intra-coded images to help in estimating the motion of the enter-
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IDCT: Inverse Discrete Cosine Transform
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Figure 2.1. The video decoder [19] [20].
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coded images and then the decoded frames are stored in the Frame Memory (FM) in order to keep a local

copy of the frames.

The decoder accepts a compressed bit stream R(n) as an input and produces an uncompressed

video stream x(n) as an output. The uncompressed video is then re-encoded with new encoding parameters

defined by the target bit stream. Figure 2.2 shows that the video encoder performs even more complex

operations than video decoding. Video encoding consists of a set of other operations, such as discrete

cosine transformation, quantization, variable length coding, and motion compensation [21] [20].

Video transcoding is usually done in the following cases [7] [22]:

To allow a target device (or playback software) that has limited storage capacity, supports
different format, or has limited network bandwidth to display any original video content.

To convert incompatible or obsolete data to a better-supported or modern format.

To convert multimedia content that is originally designed for a particular device, platform,
user, or format, to be suitable for another device, platform, user, display capability, processing
power, or even network bandwidth.

To reduce the diversity in communication technology and infrastructure along with enhancing
the ways users consume video content.

To cope with heterogeneous communication environments, networks, user devices, user

demands, and applications.

VLD: Variable Length Decoding
DCT: Discrete Cosine Transformation
IDCT: Inverse Discrete Cosine
Transformation

MC: Motion Compensation

ME: Motion Estimation

1Q: Inverse Quantization

Q: Quantization

FM: Frame Memory

R,(n): Output Compressed Video
x(n): Input Uncompressed Video

Figure 2.2. The video encoder [19] [20].



2.2. Video Transcoding Techniques

Based on the parameters that a transcoder accepts, it provides several functions, including
adjustment of bit rate, frame size, frame rate, and video codec conversion [23]. Some of them can take
place in different techniques, such as [18]:

e Conversion of video codec, e.g., MPEG-2 to H.264.

e Conversion of transcoding parameters:

e Bitrate, e.g., from 2Mbps to 800 kbps.
e Frame rate, e.g., from 30 fps to 25 fps.
e  Frame size, e.g., from 1920x1080p to 1280x720.

Below are brief descriptions of some of these techniques [18] [21] [23]:

2.2.1. Homogenous Transcoding

In homogenous transcoding, the format of the output video is the same as the input video [21].

This type of transcoding only adjusts the frame rate, bit rate, and frame size.

2.2.2. Heterogeneous Transcoding

In heterogeneous transcoding, the video content is transcoded between different video codecs,
such as MPEG-2 to MPEG-4, MJPEG to H.264, etc [21]. In addition to the codec conversion, this
technique of transcoding may additionally adjust any format parameters that are combined with other
transcoding functions whenever needed, such as picture type conversion, frame rate conversion, bit rate
conversion, frame size or resolution conversion, or the direction of Motion Vector (MV) to match the

device, player, or bandwidth requirements.
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In contrast to homogenous transcoders, the heterogeneous transcoders require more computation

and add more complexity due to the asymmetry between the decoder and encoder [21]. The heterogeneous

transcoders perform a full decoding up to the pixel domain and store all the embedded information, such as

motion information, picture and macroblock types to be reused at the encoder side. Previous research has
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made efforts to develop and enhance heterogeneous transcoding. Liange et al. [24] presented a

heterogeneous video transcoding technique that transcodes between MPEG-4 and H.263.

2.2.3. Bit rate Transcoding

Bit rate transcoding, also referred to as transrating, was one of the first transcoding applications
[21]. This type of transcoding is required in transmission of video content over heterogeneous low-
bandwidth wireless networks when the capacity of the outgoing channel is less than that of the incoming
channel [18]. More specifically, this type of transcoding is required when transmitting high-quality video
content to multiple wireless clients through a channel with varied capabilities [18]. There is a trade-off
between reducing the size of the video bitstream and keeping that stream in high-quality content.

One of the ways bit rate transcoding implementation is done is by ignoring the high-frequency
signals, since high-frequency coefficients have a low impact on quality. This avoids inverse quantization
and re-quantization, but needs to be carefully implemented [21]. Another way this is done is by controlling
the bit rate in video encoding. This could be implemented by increasing the quantization step size to match
the target bit rate. Thus, increasing the quantization step size reduces the number of nonzero quantized
coefficients to be encoded, resulting in a higher compression ratio and decreasing the amount of bits in the
outgoing stream [21] [23]. A third way to perform bit rate transcoding is by re-encoding the video. This is
done by reusing the original motion vectors and mode decisions that are embedded in the bitstream. This
eliminates error drift as the reference frames are reconstructed and the residual information is recompressed

[21].

2.2.4. Spatial Resolution Transcoding

Spatial resolution can be done by reducing or down-scaling the frame size. To maintain high-
quality video content, bit rate transcoding could be combined with spatial resolution transcoding or any
other transcoding techniques, especially if the stream needs to be transmitted over resource-limited wireless
network devices that have limited display capabilities, such as screen size, resolution depth, and color
components [18]. Increasing the number of end-user devices that have different display sizes raises the

need to develop multimedia content adapted to each of these devices.
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For spatial resolution transcoding, frame size from the incoming stream could be down-scaled.
This could be done in either the frequency domain or the spatial domain [21]. Spatial resolution transcoding
has the following two advantages [18]: a) the size of the stream is reduced, which can be easily delivered to

resource-limited wireless devices, and b) there is no need to scroll up and down in order to watch the video.

2.2.5. Temporal Resolution Transcoding

Temporal resolution transcoding is a very useful technique for low-power devices and low-
bandwidth wireless links. Temporal resolution transcoding or frame rate conversion could be done by
dropping or skipping some frames from the original video stream. However, removing frames from a video
stream requires readjusting the decoder buffer controller to avoid underflow and overflow [21]. Temporal
resolution transcoders reduce the size of the stream to accommodate resource-limited devices and
bandwidth-limited networks. However, reducing the frame rate might degrade the motion of the video

content and thereby the overall quality of the perceived video [19].

2.2.6. Error Resilience Transcoding

Usually wireless channels are more error-prone than wired ones. Thereby, delivering video content
in wireless channels can affect the quality of video signals [21]. Therefore, there is a need to match the
compressed stream to the channel capabilities, especially when using a mixed-transport environment of
wired and wireless channels. To address this, error resilience techniques are usually used to adapt the video
signal based on the channel capabilities along the transport link [21]. By using error resilience transcoding
techniques, the quality of the delivered video content may be improved, even with the existence of errors
[18]. This could be done by injecting the error resilience features into the video stream in the network node
that is connected to a wireless network. These error resilience features help in adapting the video stream to
the channel, while maintaining the quality of the video within an acceptable range [21]. A detailed

description of some of these techniques can be found in [25].
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2.3. Related Research

2.3.1. Multimedia Selection and Composition

For the multimedia service selection problem, Qi et al. [26] proposed a multimedia service
selection method based on the weighted Principal Component Analysis (PCA) algorithm. They successfully
investigated the correlation between QoS properties for multimedia services. In addition, they successfully
simplified the selection process by reducing the number of QoS properties and eliminating the correlation
between them. However, they did not measure their proposed selection algorithm in terms of QoS
assurance. In addition, they found that the time complexity for their proposed algorithm could be measured
in polynomial time.

For the transcoder selection problem, Hossain and Saddik [22] proposed a multimedia transcoding
service selection process that uses the Ant Colony Optimization (ACQ) algorithm for selecting the most
suitable multimedia transcoding services for the desired composition process. They statistically evaluated
each transcoding service by using the standard-deviation normalization [27], and then assigned a weight to
each of them. Finally, they applied the ACO algorithm for the selection and composition processes.
Hossain and Saddik [22] used only average transcoding delay and frame rate as QoS properties for the
selection process. In addition, their proposed algorithm had more overhead than genetic and Dijkstra-based
(traditional) algorithms. Moreover, it had long convergence time.

Xiaohui and Nahrstedt [28] proposed a fully decentralized service composition framework, called
the SpiderNet. This framework supports a distributed multimedia service composition process with a
statistical QoS assurance. The prototype implementation and simulation results showed the feasibility and
efficiency of the SpiderNet. The QoS properties cover both the application and network levels. However,
the video transcoding composition process requires special handling due to the sequential dependency of
the video transcoding services. In addition, they do not consider frame rate and frame size as QoS
properties. Moreover, they did not investigate the quality degradation that is caused by these video
transcoding services.

Moissinac [29] proposed a semantic-based automatic discovery and composition approach for

multimedia adaptation services. Moissinac [29] focused on developing a semantic description of the basic
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adaptation services. Service composition based on semantic description of multimedia services is limited to
the opportunity of adding a complete description to all known categories of multimedia services.

Li et al. [30] proposed a heuristic algorithm, named Greedy-EF, to solve the multimedia service
composition problem in overlay networks. This composition process finds the proper service paths and
routes the data flows through, so that the resource requirements and the QoS constraints of the applications
are satisfied. The simulation results showed that their proposed approach can achieve the desired QoS
assurance as well as load balancing in multimedia service overlay networks. However, they considered
only the response time and the availability of the services as QoS requirements. In addition, their QoS
properties covered only the application level.

Hossain [31] proposed a QoS-aware service composition approach for distributed video
surveillance in which Hossain [31] used the ant-based algorithm to solve the multi-constraints QoS routing
problem. Hossain [31] validated the proposed approach through implementation and simulation. The
implementation results showed the quality of the transcoded results in terms of PSNR. The performance
results and satisfaction rates of the proposed approach are shown through the simulation.

For the video transcoding service selection and composition problem in a distributed cloud
environment, Alsrehin [14] proposed a QoS-aware model that selects and composes the best video
transcoding services that satisfy the end-user requirements and preferences. This model uses an aggregation
function to evaluate the QoS for each transcoding service and for each viewer request to explore the best
composition path. In addition, Alsrehin [14] adapted two algorithms, based on the Simulated Annealing
(SA) and Genetic Algorithm (GA), as candidate solutions to help in the composition process. Alsrehin [14]
implemented a prototype of the proposed algorithms and conducted experiments using small, medium, and
large scale graphs of video transcoders and sample viewer requests to measure the performance and the
quality of the results. The experimental results showed that the SA outperforms the GA in terms of
performance and success ratio for a small scale graph, while the GA outperforms the SA algorithm in terms
of performance for medium and large scale graphs. However, the proposed approaches have some

limitations, such as low performance.
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Alberto et al. [32] introduced how the Service Oriented Architecture (SOA) paradigm can be
applied to the context-aware multimedia communications. In addition, they presented a scoring function for
selecting video codec in case of selecting transcoding functions taking into account different quality
assessment metrics. Alberto et al. [32] defined a new quality analyzer model to assign a score to each
transcoding service. They have some limitations, such as a) the evaluation strategy focused only on the
audio codec; b) the composition process is based on the quality or the compression ratio for each audio
codec, while the general video transcoding composition process handles the selection of the best
implementation from various implementations of the same codec; and c) the evaluation results are based
only on a single video/audio source with specific configurations. Evaluating their approach based on a set
of video/audio sources with different configurations might help in generating more general results.

In summary, most of the research in the video transcoding selection and composition has focused
on developing algorithms and techniques to select and compose a set of transcoding services that are either
physically distributed in the network or virtually distributed in the cloud. The selection and composition
should satisfy the end-user requirements and preferences. For evaluating these selection and composition
algorithm, researchers have focused on evaluating the satisfaction rate or the success ratio with insufficient
evaluation of the quality of the perceived video. In addition, these studies statistically evaluate each video
transcoding service based on specific values of the desired QoS. I believe that statistically evaluating the
weight of each service using the standard-deviation normalization does not reflect the exact degradation
that each transcoding service can cause. Also, ignoring the characteristics of the original video and focusing
only on the desired QoS specifications might generate inappropriate weight value for the transcoding
service and might affect the quality of the perceived video. Moreover, given an existing pool of video
transcoding services, adding more services to this pool every time requires re-calculating their weights.
This leads us to conclude that the statistical methods are not extensible and are inappropriate for video

transcoding service selection and composition algorithms.
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2.3.2. Models for Perceptual Video Quality Estimations

Many researchers have developed quality-based models for assessing the impact of video
encoding on quality [33]. These models handle only video encoding and consider some parameters that are
related to the encoding process, such as bit rate and frame rate. Gonzalez et al. [32] provided a proof of
concept for a context-aware multimedia service selection and composition approach using quality
assessment. Specifically, they presented a scoring function for selecting different service implementations
particularized for selecting video transcoding functions. This scoring function handles the perceptual
quality and compression ratio. The quality assessment can be used for measuring the perceptual quality,
while the compression ratio is calculated using the number of bits in the original and encoded videos.
However, they provided just a proof of concept with insufficient data to evaluate the proposed function. In
addition, the experiments focused only on the audio part of the video.

Joskowicz et al. [8] [34] also made an attempt to develop a general parametric model for
perceptual quality estimation, in which they presented and analyzed 10 different parametric models for
quality estimation proposed by different groups of authors and organizations. A performance comparison
was conducted between their proposed general model and other models, using standard Reduced Reference
(RR) models with a large set of videos, and subjective tests using a reduced set of videos. For the
comparison, Joskowicz et al. [8] used the H.264 codec for the encoding process, Video Quality Metric
(VQM) [35] as an objective quality model, CIF and VGA as display sizes with bit rates range from
100kbps to 6Mbps and frame rates range from 5 to 25 fps. Their model showed a better performance for
both encoding and transmission degradations, with 0.89 as the PCC based on subjective tests.

Yen-Fu et al. [36] provided subjective studies and analytical models for the perceptual video
quality with variations of frame rates and quantization step sizes using five different videos in the CID
resolution and 30 fps as an original frame rate. They generated 90 processed (encoded and decoded) videos
from the original videos and asked the subjects to give an overall rating for each video in the range of 0 to
100. The impact of constant frame rate was modeled and fits 0.95 with PCC and 0.013 with RMSE. In
addition, they provided a model for assessing the impact of constant Quantization Step size (QS) on

perceived quality that fits well (with a subset of measured data) with PCC = 0.99 and RMSE = 0.045.
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However, they considered only frame rate and quantization step size variations. Additional studies are
needed to consider other factors, such as spatial resolution.

Yen-Fu et al. [37] proposed a novel quality metric for compressed video considering both frame
rate and quantization artifacts. Their model is a function of PSNR and a Temporal Correlation Factor
(TCF). It uses the average PSNR of frames included in the video. Their model has only two parameters and
correlates very well with subjective rating obtained in their subjective tests. These parameters are video
content dependent. However, their model depends on PSNR and considers only frame rate and quantization
artifacts.

Yen-Fu et al. [38] proposed a model for assessing the impact of frame rate on perceptual quality.
Their model is based on the sigmoid function and uses the Mean Opinion Score (MOS) at the maximum
frame rate for each video. Their model uses a single parameter that is highly correlated with the normalized
frame difference, the weighted sum of normalized frame difference, and the motion vector magnitude.
However, their model depends on the Mean Opinion Score (MOS) for each video and considers only the
frame rate.

Zinner et al. [39] introduced a framework for Quality of Experience (QoE) management for video
streaming systems based on the H264/SVC video codec. Zinner et al. [39] conducted a measurement study
and quantified the influence of video resolution, scaling method, video frame rate, and video content types
on the QoE by means of SSIM and VQM full-reference metrics. After that they discussed the trade-off
between these different parameters and their influences on the QoE. They showed that these objective
metrics are able to distinguish between quality levels for different resolutions and frame rates. In addition,
the results showed that SSIM and VQM can be used to quantify the behavior of different video content on
the QoE. Furthermore, they showed that videos with a lower resolution perform better than videos with a

lower frame rate with respect to VQM.

2.3.3. Impact of Video Encoding and Transcoding

Vidyut et al. [40] presented the design and implementation of a dynamic video transcoding server.

They conducted a systematic evaluation of the following encoding parameters: Q-scale, color depth, and
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frame rate on CPU usage, bandwidth usage, and energy consumption of the transcoding server. The
measurements showed that reducing image quality to a Q-scale of 10 can dramatically decrease the CPU
cycles and streaming throughput. The measurements also show that 50% scaling down on frame width and
height effectively reduces the throughput to approximately 50%. In addition, the measurements show that
by using a Q-scale greater than 5, the energy consumption might be reduced to more than 50% at the
transcoding server.

Goldmann et al. [41] presented the results of a comprehensive study on how the transcoding
artifacts influence the subjective study. Furthermore, they analyzed how specific encoding parameters, such
as drift error, Group of Pictures (GOP), and number of B-frames influence the strength of these artifacts
and thus the quality. They generated 84 different test videos from the DVB [42] and MPEG [41] datasets to
perform the subjective quality evaluation. Fifteen non-expert human subjects took part in the experiment.
They used the MPEG-2 video codec to encode the original, raw videos. They considered the cascaded
pixel-domain and the open-loop transcoding architectures. As a result, the cascaded pixel-domain
architecture achieved mostly "good" quality, while the open-loop transcoding architecture achieved "bad"
and "fair" quality. Furthermore, they concluded that the largest influence of the subjective quality results is
video content dependent. For example, for some videos, the special artifacts seem to have the largest
influence, while the temporal artifacts are dominant for other videos.

For GOP experiments conducted in [41], Goldmann et al. [41] observed that the loss of subjective
quality depends largely on the visual characteristics of the video and transcoding type, i.e., cascaded pixel-
domain or open-loop transcoding. For open-loop transcoding, the video with high spatial details and a small
amount of global motion suffers less than the video with lower spatial details and high individual object
motion. For pixel-domain transcoding, the subjective quality stays between "good" and "excellent".

For the experiment that evaluates the effect of the number of B-frames (M) on quality in [41],
Goldmann et al. [41] observed that the influence of M on the quality of the pixel-domain transcoding is

greater than on the open-loop transcoding.
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CHAPTER 3

PROBLEM FORMULATION

3.1. Definitions

Definition 3.1 (Video Format): A video format is the structure of the video’s image and audio data. Some
popular formats are H.264, MPEG-4 part 2, MJPEG (Motion JPEG), WMV, FLV, and DivX, but there are
over 20 in common use today [3]. In this dissertation, the letter f, sometimes with prefixes, e.g. x. f,

superscripts, e.g., f', or subscripts, e.g., fi,,, represents a specific video format.

Definition 3.2 (Video Codec): A video codec is a piece of software that can encode video data into a
particular format and decode a video from that format. A codec’s name is often used as a label or synonym

for the format it encodes and decodes.

Definition 3.3 (Video Characteristics): A video’s characteristics consist of three measures: bit rate, frame
rate, and frame size. Here, the letter ¢ with optional prefixes, subscripts, or superscripts represents a set of
video characteristics, and c. br, c. fr., and c. f's represent the above three measures, respectively. The
frame size further consists of a width, c. fs.w, and a height, c. fs. h. When considering quality, it is useful
to consider a frame size’s aspect ratio, c. f's.ar, whichis c. fs.w / c. fs. h. A viewer’s desire QoS also

specified as a set of video characteristics.

Definition 3.4 (Video Characteristics Domain): A video characteristic domain, f. C, is the set of all
possible characteristic for some format, f. Since bit rate, frame rate, and frame size are metrics with

discrete measures and since they all have lower and upper limits for a specific f, f.C is a finite domain.

Definition 3.5 (Video): A video is a media file, consisting of an image stream and typically one or more
audio streams. As mentioned, earlier, this research ignores the audio streams since they are only a small
part of the file’s data and since changes to the audio only have a modest impact on bandwidth requirements
and on the user’s experience. So, for this research, a video, v, is an image stream that consists of a format,

v. f, and characteristics, v. c.
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Definition 3.6 (Video Transcoding Function): A video transcoding function is a data processing function
that converts input video into a new transcoded video with a different format, characteristics, or both.
Formally, let t(v;,) = v,y be a transcoding function that transcodes vy, to generate v, where t. fi,, =
Vin-frt.Cin = Vin-C, t. four = Vour- frand t. oy = Voye- €. S0, t. fi, 1s the input format accepted by ¢,
t. c;p are the input characteristics, t. f,,; is the format of the generated output, and t. c,,,; are its
characteristics. Finally, a transcoding function takes time to execute and therefore introduces a delay into

the streaming of a video. The anticipated delay of t is represented as t. d.

Definition 3.7 (Video Transcoder): As mentioned earlier, a video transcoder is a piece of software that
implements one or more video transcoding functions. From a theoretical perspective, the grouping of
transcoding functions into transcoders is purely an optimization or organizational convenience and does not
change the fundamental nature of the selection process. Consider two extremes: a) placing each transcoding
function in its own transcoder and b) having all transcoding functions in one large transcoder. Regardless
of selection algorithm, the complexity of selection process with these two extremes would be the same.
Similarly, partitioning the functions into transcoders according to any criteria would not change the
fundamental selection problem. So, for simplicity and without loss of generality, a transcoder, T, is a group
of transcoding functions such that all its functions have the same input format, T. F;;,,, and the same output
format, T. F,,;. Furthermore, 7 must include functions for all possible inputs in the characteristic domain
corresponding to the input video format. More formally,
T = {tis a transcoding function | t.fi, = T.Fiy A t.four = T.Fpy} and
Vc € T.Fp,.C3t €T:c=t.c;,, (3.1
This definition is consistent with how most transcoders are implemented; they can convert from

one format to another for any possible set of input video characteristics.

Definition 3.8 (Compatible Transcoders): Given an input video format, v. f, and some required output
format, v'. f, a transcoder, T, is a compatible transcoder if and only if v. f = T.F;,, and v'. f = T.F,,;. For

convenience, the predict comp(T,v. f, v'. f) represents this condition.
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Definition 3.9 (Video Delivery System): For this dissertation, a video delivery system, VDS, is a finite set
of transcoders, VDS. TS, with a set of possible output formats, VDS. FS, a set of source videos, VDS.VS,
and a mechanism for selecting or composing a set of transcoding functions from among the transcoders

given a viewer request. See Definition 3.10.

Definition 3.10 (Viewer Request): A viewer request, Q, consists of a selected video, Q.v € VDS.VS, a
viewing format, Q. f € VDS.FS, and a desired QoS, Q.c € Q.f.C. A viewer request can be thought of as
a set of requirements for the delivery of a video. Q. v and Q. f are hard requirements that have to be met for
the request to be satisfied. Q. c, however, is a soft requirement, meaning that the VDS should try to select a
transcoding function or a composition of functions that results in video with characteristics that come as

close to Q. c as possible, while minimizing the degradation in quality.

Definition 3.11 (Video Quality): In this dissertation, video quality is a measure of how a transcoded video
y looks compared to the original video x. Video quality can be evaluated either objectively or subjectively
[5]. A video quality for a transcoded video y generated from x and measured using a particular metric m is

represented as y. quality,, ,.

Definition 3.12 (Objective Video Quality): In this dissertation, objective video quality is a measure of the
quality of a transcoded video that is evaluated using objective quality metrics, such as PSNR, SSIM, and
MS-SSIM (see Appendix B), compared to an original video. Because these metrics compare the quality of
a transcoded video to an original video, they are referred to as full-references metrics. PSNR measures the
quality in decibel loss, typically between 30 and 50 dB. The SSIM, MS-SSIM, and VTOM measure the
quality as a ratio between 0 and 1, with 1 being perfect quality. For these metrics, the quality of any video

with respect to itself is always 1.

Definition 3.13 (Video Degradation): Video degradation is a measure of loss of information caused by
video transcoding and is defined as (1 - quality) for the SSIM, MS-SSIM, and VTOM. More specifically,
degradation for a transcoded video y generated from a video x based on a particular metric m is

y.degradation,, , = 1 — y.quality,, ,.
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Definition 3.14 (Distance): A distance between two video characteristics ¢; and c,, expressed as d(cy, ¢3),
is a weighted sum of the absolute difference between their measures, which calculated as follows:
d(cy,c3) = Wyy * |1 b’ — . bT'| + W % ey fT7 — o fT| + Wy % |cy. fs" —cp. fS'| (3.2)
where wy,., Wg,., and wg; are weights (between 0 and 1) for the characteristics that represent the importance
of each of them to the viewer request. The br', fr', fs’ are the normalized values of the characteristics

using a method described in Chapter 7.

3.2. Problem Formulation

This research addresses the problem of modeling the impact of video transcoding on objective
video quality to facilitate the selection and composition of transcoding functions. The selection and
composition problem can be broken down into two sub-problems: a) a base case requiring a single
transcoding function and b) a case requiring the composition of two transcoding functions. More complex
cases that require more than two transcoding functions are recursive instances of the later. For the

formulization of these cases, let VDS be a video delivery system and Q be a viewer request.

3.2.1. Case 1 — A Single Video Transcoding Function

For selecting a single transcoding function, let's assume that the VDS contains a compatible
transcoder for Q, i.e.,

AT € VDS.TS : comp(T,Q.v.F,Q.f) (3.3)

In this case, VDS needs to select a single transcoding function, t, from among all of the
compatible transcoders that comes closest to provide the desired quality of service, i.e., d(t.Cpy:, Q-€) = 0,
with the least video degradation. Given (3.3), the problem of selecting t can be expressed as follows:

Vt'eT: t(Q.v) =y At'Q.v)=y A

((y.degradation,, ,, < y'.degradation,, ,,) A(d(y.c,Q.c) <d(y',Q.c)) (3.4)

To allow the selection to take into account the video degradation, it is necessary to estimate the
degradation caused by t without running t. This involves the following three sub-problems: a) finding a

mathematical function that models the impact of transforming the codec and three characteristics on
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objective video quality, b) finding a mathematical function for the weight value for each transformation in
the overall video quality, and c) combining all of these mathematical functions into a single function that

measures the overall quality.

3.2.2. Case 2 — Composing Two or More Video Transcoding Functions

Composing two transcoding functions is necessary and possible when VDS does not contain a
compatible transcoder for Q, i.e.,
VT €VDS.TS : =mcomp(T,Q.v.f,Q.f) (3.5
but it does contain two transcoders whose composition provide the requested output format, i.e.,
3T, T2 € VDS.TS Af' € VDS.FS : comp(TY, Q.v.f,f") Acomp(T?,f',Q.f) (3.6)

To formalize the problem, let t; € T* and t; € T? be transcoding functions that the VDS will
compose to provide the requested output format, Q. f, with the goal of closely approximating the desired
quality of service, i.e., d(t;. Coys, Q. €) = 0, with the least video degradation, i.e., the combined video
degradation of ¢; and t; is minimized. Composing t; and t; can be represented as t; (ti(vin)) = Vyyut, Where
the transcoded video from t;, i.e., t;(v;,), will be the input to t; to generate v,,,. Given (3.5) and (3.6), the
problem of composing two transcoding functions that come closest to provide the desired quality of service
with the least video degradation can be expressed as a selection of t; € T! and t; € T? such that

vt €T V] €T?: t;(t,(Q.v)) =y A t/(t[ (V) = y' A
(y.degradationy, 5, < y'.degradation,, ,, Ad(y.c,Q.c) <d('.c,Q.c) (3.7)

The problem of estimating the degradation caused by composing t; and t; without running any of
them consists of the following two sub-problems: a) finding the best function that measures the
degradations caused by any single transcoding functions (Case 1), and b) finding the best function that
aggregates the degradations caused by both t; and ¢; . The former requires solving multiple Case-1 selection
problems and is on the order of n * m, where n is the number of transcoding functions that accept Q. v. f as
input and m is the number of transcoding functions that generate Q. f as output. Therefore, once a model
that assesses the impact of a single transcoding function on objective video quality exists, composing a set

of transcoding functions is relatively a straight forward extension. This dissertation develops such a model,
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called VTOM, that assesses the impact of a single transcoding function on objective video quality. VTOM
provides the foundation that can be extended, in a future work, to help in composing a set of transcoding

functions. The next chapter describes the VTOM in more detail.
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CHAPTER 4

VIDEO TRANSCODING OBJECTIVE-QUALITY MODEL (VTOM)

Different parametric models have been proposed to predict the quality of the perceived video
based on different encoding parameters. However, most of them apply to specific applications, codecs,
networks, or display sizes. Unlike these models, VTOM predicts the quality of the transcoded video based
on different transcoding parameters that are based on combinations of different codecs, display sizes, bit
rates, and frame rates. In addition, instead of using a traditional quality assessment metric, I developed and
evaluated the VTOM using the MS-SSIM [9] metric because it represents one of the best full-reference
metrics based on perceived quality [9] [33]. VTOM is an objective RR” model, because it uses the format
and characteristics of the input video but does not rely on expert judgment or use the content of the input
video.

As mentioned earlier, VTOM combines four quality sub-models with four additional error sub-
models in a single function as a weighted product aggregation function for assessing the overall video
quality. This chapter provides a general description about calculating the quality values that I used as
reference values to develop these sub-models. A discussion and evaluation of these sub-models will come

later in Chapters 5 and 6, as well as in Appendixes C and D.

4.1. Definitions
Definition 4.1 (Video Transcoding Objective-quality Model (VTOM)): The quality of video y relative
to x measured by VTOM is defined as follows:
y.qualityyroyx = @y gy p(x.c.br)Ve * By c(x.C.b1,y. . br)"br xy, c(x.C.br,x.C. fr,y.C. fr)V/T *
Ops(x.c.br,x.c.fs,y.c.fs)"s (4.1)
In this aggregated function, a, s, r is a sub-model function that measures the quality generated by

changing the codec from x. f to y. f; B  is a sub-model function that measures the quality generated by

" Reduced Reference (RR) metrics are metrics that compute the quality based on extracted information
about some features from the original and distorted video signals. So, there is no need to fully access both
videos [5]. See Appendix B for more detail.
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reducing the bit rate from x. c. br to y. c. br; y, s is a sub-model function that measures the quality
generated by reducing the frame rate from x. c. fr to y.c. fr; and 6, s is a sub-model function that
measures the quality generated by reducing the frame size from x. c. fs to y. c. fs. The exponent values,

We, Wpy, Wrr, and Wy, represent the weight values of each of these quality sub-model functions.

4.2. Quality Sub-Models

To assess the impact of changing the codec or characteristics on objective video quality, it is
necessary to create a set of test videos that can be used for benchmarking. Let § be an initial set of raw,
uncompressed, test videos, {v;, ..., 1, }, that vary in content and motion and let B be a representative set of
bit rates, {by, .., b;,}, measured in Mbps, where |[M| = m. Let E (v, b) be an encoding function that encodes

a raw video at b bit rate. Now, a set of test videos, S, can be defined as:

5= U UE(”’b) 4.2)

v ES bEB

The test videos in S can be treated as original videos, even though they are generated via an
encoding function, because VTOM only models the change in quality not the quality of the original video.
In fact, it is beneficial to have test videos with the same content and motion but at different bit rates to fully

analyze the impact of certain kinds of transcodings.

4.2.1. Assessing Video Quality Generated by Changing the Video Codec

The calculation of the a functions begins with transcoding each video in S to two different
formats, keeping the characteristics the same using a set of transcoding functions, 7., defined as follow:
T.={t|IWES: t.fiy=v.f At.four ZV.f A t.Cin = t.Courh
such that Vx € S At,t, € T, : ty. four # o four (4.3)
The next step is the application of every t € 7, to every v € S and calculation of the quality of
t(v) relative to v to produce |S| data points for each input/output format pair and bit rate, and |M| data
points for each input/output format pair (f;, f>). The latter data points form a set of tuples, Q}%.fz’ defined as

follows:
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_ Xxestercitfip=Ff1 Atfout=F2 At(x).cor=b t(X)-qualitypmsssim x

0, = Uneul(0,@) | o )

For every input/output format pair, I computed an ay, » function that approximates Q;l_ £, using

non-linear regression. In the end, I produced a set of a functions; one for every (f3, f;) pair, based on the

formats represented in VDS.VS.

4.2.2. Assessing Video Quality Generated by Reducing the Bit Rate
The calculation of the § functions begins with selecting some test cases for how to change the bit
rate. A minimal set of changes, expressed as a percentage of the input bit rate, is
Py, = {70%, 60%, and 50%]}. It is not necessary to try percentages more than 100% because increasing
the bit rate should not decrease the quality. The next step is to define a set of transcoders, 7,., that affect
these changes on the test set, keeping the format and other characteristics the same as follows:
t|IveSIp € Py, :

ESfin=v.ONCESfoue =v. )N

Tpr =13 (t.Cin.br = v.c.br) A (t.Coye. br = v.C.br *p) A (4.5)
| (tcip-fr=v.c.fr) A (t.coye-fr=v.c.fr) |

t A(t.cin. fs=v.c.fS)N(t.Coys-fS =v.C. f5)
The next step is the application of every t € 7, to every v € S and calculation of the quality of

t(v) relative to v to produce |M| data points for each input format. These data points form a set of tuples,

Q}”, defined as follows:

Fbr:{te‘[br tfin=f Ntfour =f A }
X.c.br = by ANt(x).c.br = byy;

_ Zxestery, t().qualitymsssim x

B 1511 |

Q}l‘)r = UbinEM (bin, bout, 9) (4.6)

Aq

For every input format, f, I computed a ¢ function that approximates Q ?r using non-linear

regression. In the end, I produced a set of § functions; one for every format represented in VDS.VS.

4.2.3. Assessing Video Quality Generated by Reducing the Frame Rate

The calculation of the y functions begins with selecting some test cases for how to change the

frame rate. A minimal set of changes, expressed as a percentage of the input frame rate, is Py, =



{83.3%, 66.6%, and 50%]}. The next step is to define a set of transcoders, 7y, that will affect these

changes on the test set, keeping the format and other characteristics the same as follows:

t|IveESIp € Pyt
(t'fin = U-f)/\(t-fout = Uf) A

(t.cin.br = v.c.br) A (t.coys. br = v.c.br) A

( )
| |

fr = {i (t.cin- fr=v.c. fr) A(E.Coye- fS = V.C. fTxDp) A i} .7)
\

(t.cin.fs =v.c.fs)
A(t.coys-fSs =v.c.f5s) J

The next step is the application of every t € ¢, to every v € S and calculation of the quality of
t(v) relative to v to produce |M| data points for each input format. These data points form a set of tuples,

Q]]:T, defined as follows:

tfin=f ANt four =f A

x.c.br = t(x).c.br

Ffr =<qte Tfr
fr A x.c.br=DbA x.c.fr = fry,
= b, i, Tous, 4.8
Qf UbEM ( f in f out q) A t(X).C.fT' — frout ( )
_ Zxestery, t(X).qualitymsssim,x
\ ha= 11T )

For every input format, f, I computed a y; function that approximates Q}’:r using non-linear

regression. In the end, I produced a set of ¥ functions; one for every format represented in VDS.VS.

4.2.4. Assessing Video Quality Generated by Reducing the Frame Size

The calculation of the § functions begins with selecting some test cases for how to change the

frame size. A minimal set of changes, expressed as a percentage of the input frame size, is Pr; =
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{62.5%,44.4%, 14.8% }, see (6.11) for how to calculate these percentages. The next step is to define a set

of transcoders, ¢, that will affect these changes on the test set, keeping the format and other characteristics

the same as follows:

( t|3veS3Ip € Py : \
- Sfin=v. N four =V.f)A
Tps =4 (t.Cin.br = v.c.br) A (t.coye.br = v.c.br) A 4.9)

L (t.Cin- fr=v.Cc. fT) A (t.Cop- fT = V.C. fT) A J
(t.cin-fs=v.c.fs) A (t.Coye-fS=v.C.fS*D)
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The next step is the application of every t € ¢, to every v € S and calculation of the quality of
t(v) relative to v, producing |M| data points for each input format. These data points form a set of tuples,

Q;S, defined as follows:

( tfin=f ANt four =f A \
x.c.br = t(x).c.br
Ax.c.br=bA x.c.fs=fsy,
A t(x).c.fs = fSous
_ Zxestery t()-qualitymsssimx

I I
N Na= ISI|T ] J

Ffs =<tE Tfs

QF = Upem$ (b, fsins fSourr @) (4.10)

For every input format, f, I computed a &; function that approximates Q;S using non-linear

regression. In the end, I produced a set of § functions; one for every format represented in VDS.VS.

4.3. Assessing the Weight

Generally, I defined the weight, w;, for each a quality sub-model i as follows:
w; =1—Error; (4.11)
where Error; is the error in expecting the quality value based on the quality sub-model i. To assess these

error values; I developed four error sub-models, one for each quality sub-model.

4.3.1. Assessing the Error Generated by Codec Conversion

The calculation of the E rror;xl‘ 7, functions begins with using the quality of t(v) relative to v for
every v € S and t € 7, calculated above to produce |S| data points for each input/output format pair and bit
rate, and |M| data points for each input/output format pair. These data points form a set of tuples, Ef . ,
defined as follows:

Txesiterc: t.fip=f1 A tfout=Fz Ax.cbr=b |t(x)-qualit}’Msssm,x-t(x)-qualityafl_fz(b),xl
]

ES, = u,,EM{(b, e)le - }(4.12)

For every input/output format pair, I computed the Errory  function that approximates Ef, .,
using non-linear regression. In the end, I produced a set of Errory] , functions; one for every possible

input/output format pair based on the formats represented in VDS.VS.
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4.3.2. Assessing the Error Generated by Reducing Bit Rate
The calculation of the E rrorfﬁ functions begins with using the quality of t(v) relative to v for
every v € S and t € I, calculated above to produce |M| data points for each input format. These data
points form a set of tuples, Ef , defined as follows:

Yxes ey, |t(x)-qualltyMSSSIM,x_f(X)-qualif)’pf(brl.n_b,-out)}ﬂ

ISHTprl

Ef = Uy, em{(bin, bours) | €= ) (4.13)

For every input format, I computed the E rrorfﬂ function that approximates EJF using non-linear

regression. In the end, I produced a set of E rrm}ﬁ functions; one for every possible input format based on

the formats represented in VDS.VS.

4.3.3. Assessing the Error Generated by Reducing Frame Rate

The calculation of the E rrorfy functions begins with using the quality of t(v) relative to v for
every v € S and t € I}, calculated above to produce |M| data points for each input format. These data
points form a set of tuples, E}, defined as follows:

Yxes,teTy, |t(x)-qualitYMSSSIM,x_t(x)-qua”tyyf(b,frm_frout)lx

[STIT¢e]

Ef = Upen{(D, fTin, frour @) | €= b (414)

For every input format, I computed the E rrm}y function that approximates E}/ using non-linear
regression. In the end, I produced a set of E rrm}y functions; one for every possible input format based on

the formats represented in VDS.VS.

4.3.4. Assessing the Error Generated by Reducing Frame Size

The calculation of the E rrorf‘s functions begins with using the quality of t(v) relative to v for
every v € S and t € [} calculated above to produce |M| data points for each input format. These data
points form a set of tuples, Efg, as follows:

Yxes teryg [t(X)-quality Msssim,x—y-quality 5 F(b.fs;

anfsout)rxl
[S1ITs] poGD)

E1§ = UbEM{(b:fSin'fSout' e) | e =
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For every input format, I computed the E rrorf5 function that approximates Ef‘S using non-linear
regression. In the end, I produced a set of E rrorf5 functions; one for every possible input format based on

the formats represented in VDS.VS.
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CHAPTER 5
EXPLORING THE IMPACT OF VIDEO TRANSCODING

ON OBJECTIVE VIDEO QUALITY

Modeling the impact of video transcoding requires exploring its impact on objective video quality.
To explore its impact, this chapter first describes the video data set used in the exploring, modeling, and
testing phases. Second, it explores the impact of each of the following on objective video quality: a) video
encoding, b) changing the video codec, ¢) reducing the frame rate, d) reducing the frame size, and e)

reducing the bit rate. Third, it provides a general discussion of these results.

5.1. Video Data Set

I used the VQEG Phase 1 2010 video data set, which contains sets of raw, uncompressed HDTV
videos, each of which has the following characteristics [10]:

. 10-second length with no audio content

. 1080p progressive scan with 1920x1080 frame size

e Around 995 Mbps bit rate

e  Around 1.15 Giga byte raw-video file size

e UYVY422 pixel type

e 29.97 fps frame rate

I selected a set that contains 10 videos based on the following three criteria: a) variety of video
content, i.e., natural scenes, sports, movies, and animations, b) a range of scene source material, i.e.,
complex content and high motion to simple content and low motion, and c) variety of color and brightness

components. Figure 5.1 shows the first frame from each of the selected videos.

5.2. Exploring the Impact of Video Encoding

I performed the following steps to explore the impact of video encoding on objective video

quality:
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vqgeghdl csrcll vgeghdl csrcl2 vqeghdl csrcl4
vqeghdl srcO1 vqgeghdl _src02 vqeghdl src03
vqeghdl _src04 vqgeghdl _src05 vgeghdl src06

vqeghdl _src07

Figure 5.1. The first frame from each video used in the exploring, modeling, and testing phases.

1)  Selecting a set of video codecs to be used in video encoding. This set includes H.264,
MPEG-4, and FLV codecs. The selection criteria are based on the codecs that are commonly
used by researchers and have high efficiency and flexibility in compression.

2)  Selecting the original videos. In this step, I used nine original, raw, uncompressed videos
from the data set described above. Specifically, I used the following videos as input:
vgeghdl csrcll, vqgeghdl csrcl2, vgeghdl csrcl4, vqeghdl srcO1, vgeghdl src02,
vgeghdl src03, vqgeghdl src04, vqeghdl src05, and vqeghdl src06.

3) Selecting the values of the bit rates. These values are 2, 4, 6, 8, 10, 15, and 20 Mbps.



39

4) Implementing the video encoding functionality. In this step, I implemented the encoder for
each codec mentioned above using Java® SDK 1.8 and Xuggler® 4.5.

5)  Generating a new set of encoded videos. In this step, I encoded the original, raw,
uncompressed videos using the encoding functionality and the codecs mentioned above at
different values of bit rates that are specified above. The total number of videos generated as
output is 189, i.e., 9 original videos * 7 different values of bit rates * 3 different codecs.

6) Assessing the impact of video encoding on objective video quality. I used the PSNR [11],
SSIM [12], and MS-SSIM [9] quality metrics for this assessment step. More detail about
these metrics can be found in Appendix B. In this step, I compared each pair of videos, the
original and encoded, using these metrics. Each of the above metrics is frame-based, so I
compared each pair of frames from both the original and encoded videos and then took the
average of all comparisons as a final result between any two videos.

7)  Aggregating the above assessment results. In this step, I aggregated the above quality
assessment results based on the bit rate for each codec.

Video encoding represents compressing the original, raw, uncompressed videos to generate new
compressed videos based on the values of the encoding parameters described above. For example, given the
original, raw, uncompressed video, vqeghdl csrcl1, I encoded this video using the H.264, MPEG-4, and
FLV codecs at different bit rates ranging from 2 to 20 Mbps. During this encoding, I kept the frame rate
and size the same as in the original videos. Any original video was used to generate a new set that includes
at least 21 encoded videos, i.e., 3 different codecs * 7 different bit rates. Figure C.1 in Appendix C shows
the naming scheme that I used to name the encoded videos. Table C.1 shows some examples of these
names.

Figure 5.2 shows the video encoding quality evaluation results in terms of PSNR, SSIM, and MS-
SSIM for the three codecs mentioned above. Each point represents the average of the quality values of all
the nine videos used at a given bit rate. Notice that there are solid and dashed curves for the H.264 codec,
solid curves represent the average of nine videos while the dashed curves represent the average of only six

videos. This is because the H.264 codec is unable to encode some of these videos at lower bit rates, i.e.,
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lower than 6 Mbps. Figure 5.2 also shows that whenever the value of the bit rate is increased, the quality is
increased. In addition, it shows that the FLV codec achieves the lowest quality results. Moreover, it shows
that the H.264 and MPEG-4 codecs achieve close quality results. The H.264 codec achieves the highest
quality in terms of SSIM.

As a conclusion, the H.264 codec encodes the original, raw, uncompressed videos in a better

quality than the MPEG-4 and FLV codecs at a given bit rate.
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Figure 5.2. The video quality evaluation results for exploring the impact of video encoding on objective
video quality for the H.264, MPEG-4, and FLV codecs. The evaluation results are in terms of (a) PSNR,
(b) SSIM, and (c) MS-SSIM.
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5.3. Exploring the Impact of Changing the Video Codec

For exploring the impact of changing the codec on objective quality in video transcoding, I
performed steps similar to those described above, but in this case to perform the following six different
mappings: a) from H.264 to MPEG-4, b) from H.264 to FLV, c¢) from MPEG-4 to H.264, d) from MPEG-4
to FLV, e) from FLV to H.264, and f) from FLV to MPEG-4. The total number of videos used as input for
each mapping is 35, i.e., 5 videos * 7 different bit rates.

During this transcoding, I kept the bit rate, frame rate, and frame size the same as in the original
videos. The only thing that I changed in this transcoding was the codec. The total number of videos
generated as output for each mapping, based on the input videos, is 35.

Figure 5.3 shows the quality evaluation results for exploring the impact of changing the codec on
objective video quality in terms of PSNR, SSIM, and MS-SSIM. Generally, it shows that when the bit rate
is increased, the quality is increased. In addition, it shows that the conversion from FLV to MPEG-4
achieves the highest quality in terms of PSNR and SSIM. The transcoding from H.264 to MPEG-4 and the
transcoding from MPEG-4 to H.264 achieve the next highest quality. Moreover, it shows that all the other
conversions, i.e., FLV to H.264, MPEG-4 to FLV, and H.264 to FLV, have close quality results at a given

bit rate. Table C.2 in Appendix C shows more detailed results.

5.4. Exploring the Impact of Reducing the Frame Rate

For exploring the impact of reducing the frame rate on objective video quality in video
transcoding, I performed steps similar to those described above, but in this case to explore the impact of
reducing the frame rate. I selected a set of new frame rates that includes 15 fps, 20 fps, and 25 fps to be
used during video transcoding. The total number of videos used as input for each codec is 35, i.e., 5 videos
* 7 different bit rates. Figure C.2 in Appendix C shows the grouping structure of these videos. During this
transcoding, I kept the codec, bit rate, and frame size the same as in the original videos. The only thing I
changed in this transcoding was the frame rate. The total number of videos generated as output for each

codec, based on the input videos, is 105, i.e., 35 input videos * 3 different frame rates.
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Figure 5.3. The video quality evaluation results for exploring the impact of changing the codec on
objective video quality in terms of (a) PSNR, (b) SSIM, and (c) MS-SSIM.

As part of this research, and because no objective quality metric exists that compares two videos
that have different frame rates, it was necessary to develop such a metric, called Frame Rate Metric (FRM).
FRM uses any frame-based metric to compare frames from both videos. In this research, I used the above
metrics, i.e., PSNR, SSIM, and MS-SSIM, to compare each pair of video frames from the original and
transcoded videos.

FRM finds the Least Common Multiple (LCM) between the frame rates of the original and
transcoded videos. After that, it finds the value at which the two frames from the original and the
transcoded videos intersect, and then it multiplies this intersection value with the result of the objective

quality metric that is generated by comparing these frames together. Finally, it calculates the weighted
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average for all these comparisons. Algorithm 1 describes the FRM metric in more detail. Figure 5.4 shows
an example that depicts how FRM calculates the quality based on two videos that have different frame
rates.

The example illustrated in Figure 5.4(a) shows two videos that are at different frame rates, v, is at
10 fps and v, is at 7 fps. v, is generated by transcoding v; and reducing the frame rate from 10 fps to 7 fps
in the transcoding. Each video is represented as a sequence of boxes; each box has a different color and
represents a frame. Also, I numbered the boxes from 1 to 10 for v; and from 1 to 7 for v,.

Figure 5.4(b) shows that the LCM between 10 and 7 is 70. Then I divided 70 over 10 and 7 to get
7 and 10 as results, respectively. Figure 5.4(c) shows how I used these numbers to calculate the weight.
This weight represents the intersection between each frame in v; with its corresponding frame in v,. Figure
5.4(c) also shows how I used these numbers to calculate the quality between these two videos. Frame 1
from v; is compared with frame 1 from v, using an objective quality metric and the result of this
comparison is multiplied by 7. Then frame 2 from v, is compared with frame 1 from v, using an objective
quality metric and the result of this comparison is multiplied by 3, and so on. The values of these

comparisons are added together and then divided by the total summation of all the intersection values.

Figure 5.4. An example that shows how FRM compares two videos that have different frame rates.
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Algorithm 5.1 FrameRateMetric(video v;, video v,) // the proposed new metric

1:  size; « num_of_frames(v,);

2:  size, « num_of _frames(v,);

3:  for (i=1tosize;) do

4: for (j = 1to size,) do

5: frame; « v,.getFrame(i);

6: frame; « v,. getFrame(j);

7 if (intersect(frame; frame;))

8: weight < calcualteWeigth(frame; frame;);
9: quality « calculateObjectiveQuality(frame; frame;);
10: results.add(weight*quality);

11: weights.add(weight);

12: end if

13: end for

14:  end for

15: for (i = 0 to results.size — 1) do

16: sumQ += results.get(i);

17:  end for

18: for (i = 0 to weights. size — 1) do

19: sumW += weights.get(i);

20: end for

21: return sumQ/sumW;,

In Algorithm 5.1, the intersect(frame;, frame;) method checks if the two frames intersect or
not. If so, the calcualteWeigth(frame;, frame;) method calculates the intersection value, i.e., weight,
between these two frames. Then the calculateObjectiveQuality (frame;, frame;) method compares
these two frames using any frame-based objective quality metric and returns the quality value. After that, it
stores the result of multiplying the intersection value with the quality value in any data structure for later
use. This process is repeated for all the frames that are available in both videos. Finally, the results of
multiplying the intersection values with the quality values are added together and then divided by the
summation of all the intersection values. The returned result from Algorithm 1 represents the overall
quality between any two videos that have different frame rates.

Figure 5.5 shows the quality evaluation results for exploring the impact of reducing the frame rate
from 29.97 fps to 25 fps in terms of PSNR, SSIM, and MS-SSIM for the H.264, MPEG-4, and FLV codecs.

Most of the codecs achieve high quality when the bit rate is increased. In addition, after a specific bit rate
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value, the quality does not improve a lot in terms of SSIM and MS-SSIM. For example, Figure 5.5 (b)

shows that after 10 Mbps bit rate value, there is no big improvement in the quality for most of the codecs.

Figure 5.5(a) and Figure 5.5(b) show that the FLV codec achieves the highest quality for most

cases in terms of PSNR and SSIM, respectively. Figure 5.5(c) shows that the H.264 codec achieves the

highest quality in terms of MS-SSIM. In addition, the FLV and MPEG-4 codecs have close results in terms

of MS-SSIM. As a conclusion, all the above codecs have close quality results and the difference in quality

is not too big.
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Figure 5.5. The quality evaluation results for exploring the impact of reducing the frame rate on
objective quality for the H.264, MPEG-4, and FLV codecs. The frame rate reduction is from 29.97 fps
to 25 fps. The quality evaluation results are in terms of (a) PSNR, (b) SSIM, and (c) MS-SSIM.
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Figure 5.6 shows the quality evaluation results for exploring the impact of reducing the frame rate

from 29.97 fps to 20 fps in terms of PSNR, SSIM, and MS-SSIM for the H.264, MPEG-4, and FLV codecs.

The H.264 and FLV codecs achieve better quality results than MPEG-4. In addition, there is no big

difference in the quality between the H.264 and FLV codecs. Figure 5.6(a) shows that the H.264 and FLV

codecs achieve high quality in terms of PSNR when the bit rate is increased. For the MPEG-4 codec, the

improvement in the quality is very small when the bit rate is increased.

Figure 5.6(b) shows that the H.264 and FLV codecs achieve small improvements in the quality in

terms of SSIM when the bit rate is increased. For the MPEG-4 codec, there is a small improvement in the

quality when the bit rate is increased. After 10 Mbps bit rate, the quality is decreased by a small amount.
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Figure 5.6. The quality evaluation results for exploring the impact of reducing the frame rate on
objective quality for the H.264, MPEG-4, and FLV codecs. The frame rate reduction is from 29.97 fps
to 20 fps. The quality results are in terms of (a) PSNR, (b) SSIM, and (c) MS-SSIM.
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Figure 5.6(c) shows that the H.264 and FLV codecs achieve small and almost the same
improvement in the quality in terms of MS-SSIM when the bit rate is increased. For the MPEG-4 codec,
there is an improvement in the quality when the bit rate is increased from 2 to 8 Mbps. When the bit rate is
higher than 8 Mbps, there is almost no improvement in the quality. One factor that affects the quality is the
number of dropped frames. In the FRM, if this number is increased, this means that the frame-by-frame
comparison strategy compares two frames, from the original and transcoded videos, with different frame
content. Increasing the bit rate of any of these frames does not enhance this comparison and thereby the
overall quality.

Figure 5.7 shows samples of different frame dropping approaches for the example shown in Figure
5.4. Figure 5.7(a) shows that the last three frames, i.e., frames 8, 9, and 10, from v; were dropped in video
transcoding to generate v,. In this situation, to evaluate the quality of v, generated from transcoding v, the
comparison is done by comparing frame 1 from v; with frame 1 from v, and multiplying the result by 7,
frame 2 from v; with frame 1 from v, and multiplying the result by 3, frame 2 from v; with frame 2 from
v, and multiplying the result by 4, and then frame 3 from v; with frame 2 from v, and multiplying the
result by 6, and so on. Finally, it divides the summation of all these comparisons by the summation of all

the weights as a final result.

Figure 5.7. Samples of different frame dropping approaches.
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In this type of comparison, FRM compares frames with different frame content, such as frame 10
from v; with frame 7 from v,, because they appeared on the same timestamp. This means that however the
bit rate is increased in the transcoding, the quality value that is returned from PSNR, SSIM, and MS-SSIM
does not be improved a lot. In other words, the comparison between two frames with different frame
content does not increase the value that is returned from the objective metrics that I used. I believe that this
type of comparison is fair. However, it needs more investigation and to be evaluated using subjective tests.

Figure 5.7(b) shows that frames 3, 6, and 10 were dropped in video transcoding, while Figure
5.7(c) shows that frames 2, 5, and 8 were dropped in video transcoding. Notice that in each of these
approaches, the percentage of frame rate reduction is 30%, while in this exploring phase; the percentage of
frame reduction is different (16% for frame rate reduction from 29.97 to 25, 33 % for frame rate reduction
from 29.97 to 20 and 50% for frame rate reduction from 29.97 to 15). As a conclusion, when the number of
dropped frames is increased, the quality is decreased.

Another factor is the distance between frames in the transcoded video. If the distance becomes
greater, this means that the frame content is usually completely different, especially in high-level motion
videos.

Figure 5.8 shows the quality evaluation results for exploring the impact of reducing the frame rate
from 29.97 fps to 15 fps on objective video quality in terms of PSNR, SSIM, and MS-SSIM for the H.264,
MPEG-4, and FLV codecs. The H.264 and FLV codecs achieve better quality results than MPEG-4. In
addition, there is no big difference in the quality results between the H.264 and FLV codecs, especially in
terms of SSIM and MS-SSIM. Also, it shows that there is a gap between the quality results that are
generated using the FLV and H.264 codecs and the quality results that are generated using the MPEG-4
codec.

Figure 5.8(a) shows that the FLV codec achieves the highest quality in terms of PSNR. Then the
H.264 and MPEG-4 codecs achieve the second and third highest quality, respectively. In addition, it shows
that the quality for the FLV and H.264 codecs is increased when the bit rate is increased. Moreover, it
shows that for the MPEG-4 codec, the quality is decreased by a very small amount when the bit rate is

increased up to 15 Mbps. After this bit rate value, the quality is increased when the bit rate is increased.
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Figure 5.8. The video quality evaluation results for exploring the impact of reducing the frame rate on
objective video quality for the H.264, MPEG-4, and FLV codecs. The frame rate reduction is from
29.97 fps to 15 fps. The quality results are in terms of (a) PSNR, (b) SSIM, and (¢) MS-SSIM.

Figure 5.8(b) shows that the FLV codec achieves a small improvement in the quality in terms of
SSIM when the bit rate is increased from 2 to 6 Mbps. After 8 Mbps bit rate, the quality is decreased by a
small amount when the bit rate is increased. At 15 Mbps bit rate, the quality is increased by a small amount
when the bit rate is increased. In addition, it shows that for the MPEG-4 codec, the quality is decreased by a
small amount in terms of SSIM when the bit rate is increased.

Figure 5.8(c) shows that the H.264 and FLV codecs achieve the highest quality in terms of MS-
SSIM. In addition, it shows that there is a small improvement in the quality for the H.264 and FLV codecs

when the bit rate is increased. For the MPEG-4 codec, the quality starts with a very small improvement
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when the bit rate is increased. When the value of the bit rate is increased from 10 to 15 Mbps, the quality is
noticeably improved.

Figures C.5, C.6, and C.7 in Appendix C show the quality evaluation results for exploring the
impact of reducing the frame rate on objective video quality aggregated based on the H.264, MPEG-4, and

FLV codecs, respectively.

5.5. Exploring the Impact of Reducing the Frame Size

For exploring the impact of reducing the frame size on objective video quality in video
transcoding, I performed steps similar to those described above, but in this case to explore the impact of
reducing the frame size. I selected a set of new frame sizes that includes 1440x900, 1280x720, and
640x480. These sizes represent 62.5%, 44.4%, and 14.8% of the original frame size, i.e., 1920x1080,
respectively. The total number of videos used for each codec as input is 35, i.e., 5 different videos * 7
different bit rates. Figure C.3 in Appendix C shows how I grouped these videos. During this transcoding, I
kept the codec, bit rate, and frame rate the same as in the original videos. The only thing that I changed in
this transcoding was the frame size. The total number of videos generated as output, based on the input
videos, is 105, i.e., 35 input videos * 3 different frame sizes.

Because no objective quality metric exists that compares two frames with different frame sizes, |
proposed a comparison strategy by down-scaling the size of each frame from the original video to match
the size of each frame from the transcoded video. I used the bi-cubic interpolation algorithm [43] to down-
scale the frame size. I decided to perform down-scaling for the following four reasons: a) I believe that
down-scaling the frames, i.e., images, is an easier process than up-scaling; it throws away data in a more or
less intelligent manner; b) down-scaling frames generates more accurate and precise frames with fewer on-
screen errors and artifacts than up-scaling; c) it is more realistic to the assessment process to compare
frames from the transcoded video with the down-scaled frames from the original video than up-scaling the
frames from the transcoded video and comparing them with frames from the original video; and d) for
video transmission via the internet, it is common to down-scale the frame size to the optimal output

resolution to save bandwidth and storage space.
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Figure 5.9 describes the general structure of this down-scaling strategy. First, I extracted a frame
from the original video and its corresponding, i.e., transcoded, frame from the transcoded video. Second, I
down-scaled the size of the frame extracted from the original video to match the size of the frame extracted
from the transcoded video. This down-scaling procedure is done using the bi-cubic interpolation algorithm
[43]. Third, I compared these two frames using any frame-based objective quality metric, i.e., PSNR,
SSIM, or MS-SSIM.

Figures 5.10, 5.11, and 5.12 show the evaluation results of reducing the frame size from
1920x1080 to 1440x900, from 1920x1080 to 1280x720, and from 1920x1080 to 640x480, respectively, in
terms of PSNR, SSIM, and MS-SSIM for the H.264, MPEG-4, and FLV codecs. Generally, they show that
whenever the bit rate is increased, the quality is increased. In addition, they show that the H.264 codec
achieves the highest quality. Moreover, they show that the MPEG-4 and FLV codecs achieve the second
and third highest quality, respectively, with close quality results.

Figures C.8, C.9, and C.10 in Appendix C show the quality evaluation results for exploring the
impact of reducing the frame size on objective video quality aggregated based on the H.264, MPEG-4, and

FLV codecs, respectively.

Down-scaling frame i,
e.g., from 1920x1080
to 1440x900, using
the bi-cubic
interpolation
algorithm

Use any frame-based
objective quality metric to
compare frames i and j to

evaluate the quality

Figure 5.9. The general structure that shows the down-scaling strategy using the bi-cubic interpolation
algorithm [43].
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Figure 5.10. The video quality evaluation results for exploring the impact of reducing the frame size on
objective video quality for the H.264, MPEG-4, and FLV codecs. The frame size reduction is from
1920x1080 to 1440x900. The quality results are in terms of (a) PSNR, (b) SSIM, and (c) MS-SSIM.

5.6. Exploring the Impact of Reducing the Bit Rate

For exploring the impact of reducing the bit rate on objective video quality in video transcoding, |
performed steps similar to those described above, but in this case to explore the impact of reducing the bit
rate. I selected a set of bit rate reduction percentages, which includes 30%, 40%, and 50% from the original
bit rate. The total number of videos used as input for each codec is 35, i.e., 5 different videos * 7 different
bit rates. Figure C.4 in Appendix C shows how I grouped these videos. In addition, it shows the names of

some of the original and transcoded videos.
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Figure 5.11. The video quality evaluation results for exploring the impact of reducing the frame size on
objective video quality for the H.264, MPEG-4, and FLV codecs. The frame size reduction is from
1920x1080 to 1280x720. The quality results are in terms of (a) PSNR, (b) SSIM, and (¢) MS-SSIM.

During this transcoding, I kept the codec, frame rate, and frame size the same as in the original

video. The only thing that I changed in this transcoding was the bit rate. The total number of videos

generated as output for each codec, based on the input videos, is 105, i.e., 35 input videos * 3 different bit

rate reduction percentages.

Figures 5.13, 5.14, and 5.15 show the quality evaluation results for exploring the impact of

reducing the bit rate on objective video quality for the H.264, MPEG-4, and FLV codecs. The reduction

percentages are 30%, 40%, and 50% from the original bit rate. The quality results are in terms of PSNR,

SSIM, and MS-SSIM. They show that whenever the bit rate is increased, the quality is increased. In

addition, they show that the H.264 codec achieves the highest quality. The FLV and MPEG-4 codecs
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achieve the second and third highest qualities, respectively. Moreover, the difference in the quality between

the FLV and MPEG-4 codecs is slightly small; while the difference in the quality between the H.264 and

the other two codecs, i.e., FLV and MPEG-4, is slightly bigger. This difference is increased when the

reduction percentage of the bit rate is increased. See Figure 5.15.
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Figure 5.12. The video quality evaluation results for exploring the impact of reducing the frame size on
objective video quality for the H.264, MPEG-4, and FLV codecs. The frame size reduction is from
1920x1080 to 640x480. The quality results are in terms of (a) PSNR, (b) SSIM, and (c) MS-SSIM.

Figures 5.13, 5.14, and 5.15 also show that there is no big improvement in the quality in terms of

SSIM and MS-SSIM for the H.264 codec when the bit rate is increased. In addition, they show that for the
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FLV and MPEG-4 codecs, there is an improvement in the quality in terms of PSNR, SSIM, and MS-SSIM

when the bit rate is increased.

Figures C.11, C.12, and C.13 in Appendix C show the quality evaluation results for exploring the

impact of reducing the bit rate on objective video quality aggregated based on the H.264, MPEG-4, and

FLV codecs, respectively.
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Figure 5.13. The quality evaluation results for exploring the impact of reducing the bit rate on objective
quality for the H.264, MPEG-4, and FLV codecs. The reduction percentage is 30% from the original bit
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Figure 5.14. The quality evaluation results for exploring the impact of reducing the bit rate on objective
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Figure 5.15. The quality evaluation results for exploring the impact of reducing the bit rate on objective
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CHAPTER 6
MODELING THE IMPACT OF VIDEO TRANSCODING ON

OBJECTIVE VIDEO QUALITY

6.1. Overview

This chapter presents the major components of the VTOM, which includes four quality sub-
models and four error sub-models. Each of these quality sub-models represents modeling the impact of one
of the following on objective video quality: a) changing the codec, b) reducing the bit rate, c) reducing the
frame rate, and d) reducing the frame size. Each of the error sub-models represents modeling the error in
assessing the impact of one of the above on objective video quality using its corresponding quality sub-
model.

To develop each of these four quality sub-models, I used five different videos and their explored
results described in the previous chapter as a training set, which includes vqeghdl csrcll,
vgeghdl csrcl2, vqeghdl csrcl4, vqeghdl srcOl, and vqeghdl src03.

To test each of these four quality sub-models, I used four different videos as a testing set, which
includes vqeghdl src02, vqgeghdl src04, vqeghdl src06, and vqeghdl src07. To evaluate each of the
quality sub-models, I compared the predicted quality results generated from each quality sub-model with
quality values generated from MS-SSIM.

To develop and test each of these four error sub-models, I used the following four videos as
training and testing sets: vqeghdl src02, vqeghdl src04, vqeghdl src06, and vqeghdl src07. To evaluate
each of the error sub-models, I compared the predicted error results generated from each error sub-model
with the difference between the actual and predicted quality results. The actual quality results are generated
from using MS-SSIM, and the predicted quality results are generated from each of the quality sub-models.

For each of the above parameters and for each codec, I developed a mathematical function that
assesses the quality of the transcoded video that is generated by using a specific transcoding function based
on the format and characteristics of the original video and the requested values of the video transcoding

parameters. For each of the above parameters and for each codec, I developed a mathematical function that
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assesses the error in evaluating the quality of the transcoded video that is generated by using one of the
quality sub-models. This chapter starts first by describing the quality sub-models. Then it will present and
describe the error sub-models. Finally, it will depict the combination and evaluation strategies of the

VTOM.

6.2. Modeling the Impact of Changing the Video Codec

To model the impact of changing, i.e., mapping, the codec on objective video quality, I addressed
each mapping individually by providing a function that handles that mapping. This section describes one

mapping, i.e., from H.264 to MPEG-4. Other mappings will be described in Appendix D.

6.2.1. H.264 to MPEG-4 Transcoding

Based on exploring the impact of changing the codec from H.264 to MPEG-4 on objective quality
described in the previous chapter, I modeled the quality of the transcoded video that is generated from this

transcoding function at a given bit rate, br in Mbps, as follows:

. log, (x.br+5.245)
Y- quality QH.264MPEG4(X.DT),X = 0.9841 + (elogz(X-b2T+5-245)*x_bro.6581)) (6.1)

where x and y are the original and transcoded videos, respectively. The codec for video x is H.264 and for
video y is MPEG-4. The value of this function ranges from 0 to 1; the higher the value, the better the
quality.
To test this quality sub-model, I performed the following steps:
1. Encoded each video in the testing set described above using the H.264 codec and at different
values of bit rates that range from 2 to 20 Mbps. The total number of encoded videos generated
from this video encoding and for each codec is 28, i.e., 4 different videos in the testing set * 7
different bit rates.
2. Transcoded these encoded videos to generate a new set of transcoded videos. In this step, I first
decoded the encoded videos using the H.264 codec that was used in the encoding step. Second,
I re-encoded them using the MPEG-4 codec. During this transcoding, I kept the bit rate, frame

rate, and frame size the same as in the encoded videos. The only thing that I changed in this
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transcoding was the codec. The total number of transcoded videos generated from this
transcoding is 28.

3. Assessed the impact of changing the codec on objective quality using the MS-SSIM quality
metric to generate the actual quality values. This assessment was done by comparing each pair
of frames from both the original and transcoded videos and then taking the average of all these
comparisons as a final result between any two videos.

4. Assessed the impact of changing the codec using (6.1) to generate the predicted quality values.

5. Evaluated the proposed quality sub-model using the PCC and RMSE by comparing the actual
and the predicted quality values described above.

Figure 6.1 shows the quality evaluation results for modeling the impact of changing the codec on
objective quality. These evaluation results are for each video in the testing set and the reference values,
represented by black curves, that represent the average of the actual quality values for all videos used in the
training set in terms of MS-SSIM at a given bit rate. In addition, it shows the model results that are
represented by dashed-red curves. Moreover, Figure 6.1 shows high correlation results between the
predicted quality values generated from these quality sub-models and both the reference quality values and
the quality values generated from using MS-SSIM for each video in the testing set.

Table 6.1 shows the evaluation results for the H.264 to MPEG-4 codec conversion quality sub-
model in terms of PCC and RMSE. It shows high PCC values between the predicted quality results
generated from this quality sub-model and the quality results generated for each video in the testing set
using the MS-SSIM. It also shows very low RMSE values. In addition, it shows the evaluation results for

all the other codec conversion quality sub-models.

6.3. Modeling the Impact of Reducing the Bit Rate

To model the impact of reducing the bit rate on objective quality, I developed a model for each of
the H.264, MPEG-4, and FLV codecs. This section describes the model that handles the H.264 codec. The

models that handle the MPEG-4 and FLV codecs will be described in Appendix D.
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Figure 6.1. The video quality evaluation results for modeling the impact of changing the codec on
objective video quality. These results are for each video in the testing set and the reference values that
represent the average of the actual video quality values for all videos used in the training set in terms of
MS-SSIM at a given bit rate. It also shows the results of these quality sub-models. The codec mappings
are (a) from H.264 to MPEG-4, (b) from H.264 to FLV, (c) from MPEG-4 to H.264, (d) from MPEG-4
to FLV, (e) from FLV to H.264, and (f) from FLV to MPEG-4.
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Table 6.1. The evaluation results in terms of PCC and RMSE for the quality sub-models that assess the
impact of changing the codec on objective video quality.

Seq. # H.264 to MPEG-4 model H.264 to FLV model MPEG-4 to H.264 model
PCC RMSE PCC RMSE PCC RMSE
vqeghdl src02 | 0.99960 0.01646 0.99997 0.01540 0.98413 0.01030
vqeghdl src04 | 0.99787 0.01384 0.99913 0.00847 0.89817 0.01030
vgeghdl src06 | 0.99982 0.00548 0.99615 0.02345 0.97975 0.01905
vqgeghdl src07 | 0.99785 0.01962 0.95360 0.00950 0.99710 0.01309
Average 0.99879 0.01385 0.98722 0.01421 0.96479 0.01319

MPEG-4 to FLV model FLV to H.264 model FLV to MPEG-4 model
Seq. # PCC RMSE PCC RMSE PCC RMSE
vgeghdl src02 | 0.97568 0.02250 0.99325 0.02129 0.99349 0.00272
vgeghdl src04 | 0.96260 0.01314 0.77474 0.03090 0.99611 0.00741
vqeghdl src06 | 0.95015 0.02864 0.85254 0.03534 0.96720 0.00881
vgeghdl src07 | 0.99344 0.00430 0.99461 0.03077 0.97061 0.00200
Average 0.97047 0.01715 0.90379 0.02957 0.98185 0.00524

6.3.1. H.264 Video Codec
Based on exploring the impact of reducing the bit rate on objective quality described in the
previous chapter, I modeled the quality of the transcoded video that is generated from this transcoding

function as follows:

log (brpyt+0.002 )x ay
log, (brin+3.47985)

) (62

y.quality Br26s(x.ChTimy.chroudx = A1t (

where x and y are the original and transcoded videos, respectively. The codec for videos x and y is H.264.
The bit rates for videos x and y are br;, and br,,,; in Mbps, respectively. The model coefficients are a; and
a,, calculated as follows:
a, = —0.444 xx? 4+ 0.26293 xx + 0.88885 (6.3)
a, = 0.7699 x x2 — 0.496 * x + 0.14459  (6.4)

the value of x represents the reduction percentage in the bit rate, calculated as follows:

bry

X = (1 - b—rl) (6.5)
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The value of the function described by (6.2) ranges from 0 to 1; the higher the value, the better the
quality. The relationship between the model coefficients, i.e., a; and a,, and the feature x is plotted in
Figure 6.2, which shows high correlations between the equations, which calculate the model coefficients a,
and a, based on the values of x, and the model coefficients.

To test this model, I performed steps similar to those described above, but in this case to test
modeling the impact of reducing the bit rate on objective video quality for the H.264 codec. I selected 30%,
40%, and 50% as percentages for the bit rate reduction. The total number of encoded videos generated from
video encoding is 28, i.e., 4 videos * 7 different bit rates. During video transcoding, I kept the codec, frame
rate, and frame size the same as in the original videos. The only thing that I changed in this transcoding was
the bit rate. The total number of transcoded videos generated from this transcoding is 84, i.e., 28 input
videos * 3 reduction percentages.

Figure 6.3 shows the quality evaluation results for modeling the impact of reducing the bit rate on
objective video quality for the H.264 codec. These evaluation results are for each video in the testing set
and the reference values, shown using black curves, that represent the average of the actual quality values
for all videos used in the training set in terms of MS-SSIM at a given bit rate. In addition, it shows the
model results that are represented by dashed-red curves. Moreover, Figure 6.3 shows high correlation
results between the predicted quality values generated from this quality sub-model and both the reference
quality values and the quality results generated from using MS-SSIM for each video in the testing set.

Table 6.2 shows the evaluation results of modeling the impact of reducing the bit rate on objective

video quality for the H.264 codec. It shows high PCC values between the predicted quality results
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Figure 6.2. The relationship between the model coefficients (a) a; and (b) a, and the feature x for
modeling the impact of reducing the bit rate on objective video quality for the H.264 codec.
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generated from this quality sub-model and the quality results for each video in the testing set generated

using MS-SSIM. In addition, it shows very low RMSE values.

6.4. Modeling the Impact of Reducing the Frame Size
To model the impact of reducing the frame size on objective video quality, I developed a model
for each of the H.264, MPEG-4, and FLV codecs. This section describes the model that handles the H.264

codec. The models that handle the MPEG-4 and FLV codecs will be described in Appendix D.
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Figure 6.3. The video quality evaluation results for modeling the impact of reducing the bit rate on
objective video quality for the H.264 codec. These results are for each video in the testing set and the
reference values that represent the average of the actual video quality values for all the videos used in
the training set in terms of MS-SSIM at a given bit rate. It also shows the model results. The reduction
percentages are (a) 30%, (b) 40%, and (c) 50% from the original bit rate.
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Table 6.2. The evaluation results in terms of PCC and RMSE for the quality sub-model that assesses the
impact of reducing the bit rate on objective video quality for the H.264 codec.

30% reduction 40% reduction 50% reduction
PCC RMSE PCC RMSE PCC RMSE
vqeghdl src02 0.99986 0.01246 0.99978 | 0.01526 | 0.99975 | 0.02025
vgeghdl src04 0.99947 0.00679 0.99905 | 0.00290 | 0.99877 | 0.00322
vqeghdl _src06 0.98098 0.00613 0.99210 | 0.00981 | 0.99192 | 0.01378
vgeghdl src07 0.99811 0.00953 0.99837 | 0.00913 | 0.99880 | 0.00929

Average 0.99460 0.00873 0.99732 | 0.00928 | 0.99731 | 0.01164

Seq. #

6.4.1. H.264 Video Codec

Based on exploring the impact of reducing the frame size on objective video quality for the H.264
codec described in the previous chapter, I modeled the quality of the transcoded video that is generated

from this transcoding function and by reducing the frame size from f's; to fs, as follows:

([%%]*(logz (x.c.hbr+az)))

)| (6.6)

.qualit ) =1—-|a, +
Y- QUEEY Snzsatrcbrizetsmy s ! (([f—;:.ut}lh]*(logz(x.c.br)aS)*(elogz(x-c-br"'a“)))
m:

where x and y are the original and transcoded videos, respectively. The codec for videos x and y is H.264.
The frame size f's can be further described by fs.w and fs. h for width and height, respectively. The
model coefficients are a,, a,, as,and a,, calculated as follows:
a; = —0.4549 x x% + 0.3762 *x — 0.065 (6.7)
a, = —1359.39481 * x? + 1024.407 » x — 190.52608  (6.8)
a; = 156.34138 x x? — 112.4538 * x + 21.75114  (6.9)
a, = —1417.29546 = x? + 1109.498 = x — 206.36664  (6.10)

the value of x represents the relationship between the sizes of the frames, calculated as follows:

x = fsa.hxfsi.h (6.1 1)

- fSo.wxfsq.w
The value of the function described by (6.6) ranges from 0 to 1; the higher the value, the better the

quality. The relationship between the model coefficients, i.e., a, to a,, and the feature x is plotted in Figure
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6.4, which shows high correlations between the equations, which calculate the model coefficients a, to a,

based on the values of x, and the model coefficients.

To test this quality sub-model, I performed steps similar to those described above, but in this case

to test modeling the impact of reducing the frame size on objective video quality for the H.264 codec. I

selected three different new frame sizes: 1440x900, 1280x720, and 640x480. The total number of encoded

videos generated from video encoding is 28. During video transcoding, I kept the codec, bit rate, and frame

rate the same as in the original videos. The only thing that I changed in this transcoding was the frame size.

The total number of transcoded videos generated from this transcoding is 84, i.e., 28 input videos * 3

different frame sizes. Because the frames from both the original and transcoded videos have different sizes,

I used the bi-cubic interpolation algorithm to down-scale the frame sizes as described in the previous

chapter.
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Figure 6.4. The relationship between the model coefficients (a) a;, (b) a,, (c) a3, and (d) a4 and the
feature x for modeling the impact of reducing the frame size on objective video quality for the H.264

codec.
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Figure 6.5 shows the quality evaluation results for modeling the impact of reducing the frame size

on objective video quality for the H.264 codec. These evaluation results are for each video in the testing set

and the reference values, shown using black curves, that represent the average of the actual quality values

for all videos used in the training set in terms of MS-SSIM at a given bit rate. In addition, it shows the

model results that are represented by dashed-red curves. Moreover, Figure 6.3 shows high correlation

results between the predicted quality values generated from this quality sub-model and both the reference

quality values and the quality results generated from using MS-SSIM for each video in the testing set,

except for the vqeghdl src07 video in case of 640x480 frame size.
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Figure 6.5. The video quality evaluation results for modeling the impact of reducing the frame size on
objective video quality for the H.264 codec. The quality results are for each video in the testing set and
the reference values that represent the average of the actual video quality values for all the videos used
in the training set in terms of MS-SSIM. The frame size reductions are: (a) from 1920x1080 to
1440x900, (b) from 1920x1080 to 1280x720, and (c) from 1920x1080 to 640x480.
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Table 6.3 shows the evaluation results of modeling the impact of reducing the frame size on
objective video quality for the H.264 codec. It shows high PCC values between the predicted quality results
generated from this quality sub-model and the quality results for each video in the testing set generated by
using the MS-SSIM metric. In addition, it shows very low RMSE values, except for the vqeghdl src07

video in case of 640x480 frame size.

6.5. Modeling the Impact of Reducing the Frame Rate
To model the impact of reducing the frame rate on objective video quality, I developed a model
for each of the H.264, MPEG-4, and FLV codecs. This section describes the model that handles the H.264

codec. The models that handle the MPEG-4 and FLV codecs will be described in Appendix D.

6.5.1. H.264 Video Codec

Based on exploring the impact of reducing the frame rate on objective video quality for the H.264
codec described in the previous chapter, I modeled the quality of the transcoded video that is generated by
reducing the frame rate from f7;, to f7,,; as follows:

. a1*(y.c.frout/x.Cc.frin)*x.c.or
Y- qQUAlIty yp oo Gecbrxc friny.cfroudx = — al;t;_c_bra;n (6.12)

where x and y are the original and transcoded videos, respectively. The codec for videos x and y is H.264.
The frame rates for videos x and y are fr1;, and f71,,;, respectively. The model coefficients are a,, a,, and

as, calculated as follows:

Table 6.3. The evaluation results in terms of PCC and RMSE for the quality sub-model that assesses
the impact of reducing the frame size on objective video quality for the H.264 codec.

1440x900 1280x720 640x480
PCC RMSE PCC RMSE PCC RMSE
vgeghdl src02 | 0.99981 0.00368 0.99757 | 0.00147 0.99975 0.01260
vgeghdl src04 | 0.99972 0.00035 0.99954 | 0.00119 0.99998 0.00216
vgeghdl src06 | 0.99884 0.00470 0.99614 | 0.00452 0.99343 0.00155
vgeghdl src07 | 0.99735 0.00369 0.99978 | 0.00668 -0.97095 0.02794
Average 0.99893 0.00310 0.99826 | 0.00346 0.50555 0.01106

Seq. #
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a; = —6.62819 * x2 + 9.74811 » x — 451634  (6.13)
a, = —4.14883 * x2 + 4.97475 x x — 2.19671 (6.14)
a; = 0.13222 % x% — 0.17909 * x + 1.05092  (6.15)

the value of x represents the relationship between the two frame rates, calculated as follows:

x =29 (6 16)

x.c.fry
The value of the function described by (6.12) ranges from 0 to 1; the higher the value, the better
the quality. The relationship between the model coefficients, i.e., a; to as, and the feature x is plotted in
Figure 6.6, which shows high correlations between the equations, which calculate the model coefficients a;

to a; based on the values of x, and the model coefficients.
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Figure 6.6. The relation between the model coefficients (a) a;, (b) a,, and (¢) a3 and the feature x for
modeling the impact of reducing the frame rate on objective video quality for the H.264 codec.
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To test this sub-model, I performed steps similar to those described above, but in this case to test
modeling the impact of reducing the frame rate on objective video quality for the H.264 codec. The frame
rate reductions are from 29.97 fps to 25 fps, 20 fps, and 15 fps for all the videos used in the testing set. The
total number of encoded videos generated from the video encoding is 28. During video transcoding, I kept
the codec, bit rate, and frame size the same as in the original videos. The only thing that I changed in this
transcoding was the frame rate. The total number of transcoded videos generated from this transcoding is
84, i.e., 28 input videos * 3 different frame rates.

Figure 6.7 shows the quality evaluation results for modeling the impact of reducing the frame rate
on objective video quality for the H.264 codec. These quality results are for each video in the testing set
and the reference values, labeled by "R", that represent the average of the actual quality values for all the
videos that are used in the training set in terms of MS-SSIM at a given bit rate. It also shows the model
results, labeled by "M".

Figure 6.7(a) shows that two videos from the testing set, i.e., src04 and src06, have results that are
close to the model results. The other two videos, i.e., src02 and src07, have results that are slightly farther
from the model results.

Figures 6.7(b) and (c) show that the quality results of the videos that are in the testing set start to
move away from the model results. This is unexpected and indicates that this quality sub-model needs to
consider other factors, such as video content and motion level. In addition, the proposed metric, i.e., FRM,
needs to be evaluated subjectively. However, all the videos that are used in the testing set have high
correlation results with the model results as shown in Table 6.4. This table shows high PCC values between
the quality results generated from this quality sub-model and the quality results for each video in the testing
set generated from using MS-SSIM. Also, it shows that the RMSE is increased when the reduction of the

frame rate is increased.
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Figure 6.7. The video quality evaluation results for modeling the impact of reducing the frame rate on
objective video quality for the H.264 codec. The quality results are for each video in the testing set and
the reference values that represent the average of the actual video quality values for all the videos used
in the training set in terms of MS-SSIM at a given bit rate. The frame rate reductions are (a) from 29.97
to 25 fps, (b) from 29.97 to 20 fps, and (¢) from 29.97 to 15 fps.

Table 6.4. The evaluation results in terms of PCC and RMSE for the quality sub-model that assesses
the impact of reducing the frame rate on objective video quality for the H.264 codec.

From 29.97 to 25 fps From 29.97 to 20 fps From 29.97 to 15 fps

Sea# PCC RMSE PCC RMSE PCC RMSE
vqgeghdl src02 0.96944 0.28259 0.95016 0.47459 0.99559 0.78074
vqeghdl src04 0.99380 0.05338 0.97530 0.11806 0.99216 0.60104
vqgeghdl _src06 0.69477 0.00537 0.98677 0.06286 0.85144 0.63921
vqgeghdl src07 0.95779 0.20039 0.97334 0.34999 0.97642 0.61474
Average 0.90395 0.13543 0.97139 0.25137 0.95390 0.65894
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6.6. Modeling the Error

As mentioned in Chapter 4, the error represents the error in assessing the quality of the transcoded
video generated from using any of the quality sub-models mentioned above and in Appendix D. This is
interpreted as the lower the error value, the better the expectation.

This section describes the error sub-models for the codec conversions. Other error sub-models for
assessing the error in evaluating the impact of the following on objective video quality will be described in

Appendix D: a) reducing the bit rate, b) reducing the frame rate, and c) reducing the frame size.

6.6.1. Modeling the Error for the Video Codec Conversions
I represented the error in assessing the quality of the transcoded video y generated by transcoding

video x and changing the codec during this transcoding at a given bit rate, br in Mbps, as follows:

Logo (br*cq)xcy

a —_
Errorg ¢ (br) = oreiten

(6.17)

where c; to c, are constants and their values are specified, based on each codec conversion, in Table 6.5.
The codec for the original video x is f; and for the transcoded video y is f,. This error sub-model is for all
the codec conversions, except from FLV to MPEG-4. The FLV to MPEG-4 codec conversion error sub-

model is represented using a different function at a given bit rate, br in Mbps, as follows:

Log,(br+13.24194)%1.26922
a —
Erroreiy mppea(br) = (el0g2(bT+3.72561) 4 [(hr+2597.46256))

(6.18)

Figure 6.8 shows the predicted and reference error values for the following codec mappings: a)
from H.264 to MPEG-4, b) from H.264 to FLV, c) from MPEG-4 to H.264, d) from MPEG-4 to FLV, e)

from FLV to H.264, and f) from FLV to MPEG-4. The predicted error values, labeled by "M", are

Table 6.5. The values of the constants ¢, to ¢, for the error sub-models that assess the error in
modeling the impact of changing the codec on objective video quality.

x.fi y-fa €1 C2 C3 Cy
MPEG-4 H.264 910.35809 0.00662 0.76065 1.73597
H.264 MPEG-4 0.23347 5.36705 2.64298 24.82882
H.264 FLV 910.35813 0.00772 1.02595 -1.66021
FLV H.264 909.96502 2.06561 2.71721 455.33794
MPEG-4 FLV 38.43219 0.00115 0.31490 -1.38388
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generated from the codec conversion error sub-models and are calculated using (6.17) and (6.18) described

above. The reference error values, labeled by "R", represent the average of the absolute difference between

the actual quality values generated from MS-SSIM and the predicted quality values generated from the

codec conversion quality sub-models described above at a given bit rate, br in Mbps, for all the videos used

in the training set.
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Figure 6.8. The reference and predicted error values that represent the error in assessing the impact of
changing the codec on objective video quality. The black curves represent the reference error values
and the red curves represent the predicted error values generated from the proposed error sub-models.
The reference error values represent the average of the differences between the actual video quality
values generated from MS-SSIM and the predicted video quality values generated from the proposed
codec conversion quality sub-models for all the videos in the training set at a given bit rate. The codec
mappings are (a) from H.264 to MPEG-4, (b) from H.264 to FLV, (c) from MPEG-4 to H.264, (d) from
MPEG-4 to FLV, (e) from FLV to H.264, and (f) from FLV to MPEG-4.



74
Table 6.6 shows the evaluation results in terms of PCC and RMSE for these error sub-models that
assess the error in evaluating the impact of changing the codec on objective video quality. These results

show high PCC values between the reference and predicted error values, with very low RMSE values.

Table 6.6. The evaluation results in terms of PCC and RMSE for the error sub-models that assess the
error in modeling the impact of changing the codec on objective video quality.

Codec Conversion PCC RMSE
From H.264 to MPEG-4 0.99907 0.00025
From H.264 to FLV 0.98281 0.00242
From MPEG-4 to H.264 0.99493 0.00030
From MPEG-4 to FLV 0.96939 0.00132
From FLV to H.264 0.99013 0.00178
From FLV to MPEG-4 0.95599 0.00053

6.7. General Models

As previously mentioned, VTOM combines the four quality sub-models with the four error sub-
models in a single weighted product aggregation function that measures the overall quality of the
perceived, i.e., transcoded, video. VTOM typically presents a mathematical function that estimates the
perceived quality based on different parameters. Thereby, the quality estimation is computed as the result
of a direct mathematical function.

To combine all of the above sub-models, i.e., quality and error sub-models, to generate more
general models, I addressed each mapping individually. This means that I provided six general models;
each handles a specific mapping. This section describes one mapping, i.e., from MPEG-4 to H.264. Other

mappings will be described in Appendix D.

6.7.1. MPEG-4 to H.264 General Model

Based on the definitions described in Chapters 3 and 4, I modeled the quality of the transcoded
video y generated by changing the codec from MPEG4 to H.264, reducing the bit rate from br; to bry,
reducing the frame rate from fr; to fr,, and reducing the frame size from f's; to fs, for any original video

x as follows:
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y-qualityyrom x =
Aypecan264(X.C.DT)YE x By oea(X.C. DTy, Y. €. DT oy )P % Yy 564 (x. C. DT, X C. [T, Y. C. fToue )T *
Spaealx.c.br,x.C.fSin, V. C. [Soue)fs  (6.19)
where x and y represent the original and transcoded videos, respectively. Each of the above quality terms
represents a quality sub-model described above and in Appendix D. The exponent values of each of the
above terms represent the weight of each term in the whole function. For example, w, represents the weight

of the codec conversion quality sub-model, calculated as follows (using (4.11) and (6.17)):

Log2(br+910.35809)%0.00662
(br0-7606511.73597)

we=1- (ErTOTﬁPEGA;,H.ZM(br)) =1- ( ) (6.20)

I calculated the other weight values using a similar way. Generally, I calculated the weight based
on (4.11) described in Chapter 4 and substitute the error function for each transcoding parameter. To test
this general model, and any other general mapping from the VTOM, I performed the following steps:

1. T'used the following four original, raw, uncompressed videos as a testing set: vqeghdl src02,
vgeghdl src04, vqeghdl src06, and vqeghdl src07 to generate a new set of encoded videos
using the above three codecs at bit rate values ranging from 2 to 20 Mbps.

2. I implemented 780 transcoding functions to generate 780 transcoded videos as a testing set with
different combinations of formats and values of the transcoding parameters. During video
transcoding, I modified the values for all the video transcoding parameters for the six codec
conversions, i.e., mappings, mentioned earlier. Specifically, for each codec conversion, I
reduced the bit rate by 30% and 40% from the original bit rate, I reduced the frame rate from
29.97 fps to 25 fps and 20 fps, and I reduced the frame size from 1920x1080 to 1440x900 and
1280x720.

3. T used the above transcoding functions to generate a new set of transcoded videos based on
above selections.

4. I used the MS-SSIM objective quality metric to compare the original and transcoded videos and
then I recorded these quality results.

5. Tused the four quality sub-models to assess the impact of using each of the above transcoding

parameters, and then I recorded the results. In addition, I recorded the results I got from using
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the four error sub-models to assess the error in estimating the quality values generated from the
above quality sub-models.

6. 1 combined the recorded results generated from the quality and error sub-models, e.g., based on
(6.19), to generate a final result as a quality of the transcoded video based on the input video
and transcoding function used. This result represents the result returned from VTOM.

7. Finally, I evaluated the VTOM by measuring the degree of correlation between the recorded
results I got from using the MS-SSIM and the results I got from using the VTOM. I calculated
the degree of correlation using the PCC and the degree of prediction using the RMSE.

Table 6.7 describes a sub-set from the above 780 transcoding function that evaluates the MPEG-4
to H.264 general model. This subset includes around 130 transcoding functions; each function has specific
transcoding values. Each row in Table 6.7 represents a summary of the results of 10 of these functions for a
specific video in the testing set. These transcoding functions reduce the values of all the transcoding
parameters from the original values to new specific values. The values of the original bit rates are ranging
from 2 to 20 Mbps. As a result, this table shows that the MPEG-4 to H.264 general model achieves in

average a high PCC value, i.e., 0.93, and a low RMSE value, i.e., 0.13.

6.8. Discussion, Observations, and Further Experiments

This section provides a general discussion about the results of further experiments that I

Table 6.7. The evaluation results for the MPEG-4 to H.264 general model.

video codec Frame rate Frame size Reduction in
Seq. # From To From To From To bit rate PCC | RMSE

vgeghdl src02 MPEG-4 H.264 29.97 25 1920x1080 1280x720 30% 0.83 0.21
vqgeghdl src04 MPEG-4 H.264 29.97 25 1920x1080 1280x720 30% 0.98 0.02
vgeghdl src06 MPEG-4 H.264 29.97 25 1920x1080 1280x720 30% 0.86 0.07
vgeghdl src07 MPEG-4 H.264 29.97 25 1920x1080 1280x720 30% 0.90 0.14
vqgeghdl src02 MPEG-4 H.264 29.97 20 1920x1080 1280x720 40% 0.97 0.36
vgeghdl src04 MPEG-4 H.264 29.97 20 1920x1080 1280x720 40% 0.94 0.04
vqeghdl src06 MPEG-4 H.264 29.97 20 1920x1080 1280x720 40% 0.98 0.02
vgeghdl src07 MPEG-4 H.264 29.97 20 1920x1080 1280x720 40% 0.96 0.29
vgeghdl src02 MPEG-4 H.264 29.97 25 1920x1080 1440x900 40% 0.82 0.21
vqeghdl src04 MPEG-4 H.264 29.97 25 1920x1080 1440x900 40% 0.99 0.03
vgeghdl src06 MPEG-4 H.264 29.97 25 1920x1080 1440x900 40% 0.93 0.09
vgeghdl src07 MPEG-4 H.264 29.97 25 1920x1080 1440x900 40% 0.95 0.13

Average 0.93 0.13
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conducted. In addition, it presents some observations during this research.

6.8.1. Normalizing the Error

As I mentioned in Chapter 4, the weight of each QoS parameter, i.e., transcoding parameter,
represents how each of them affects the overall quality. For each transcoding parameter, I calculated its
weight by using the error sub-model for that parameter and using (4.11) in Chapter 4. The error represents
how successfully I predict the results of each quality sub-model. This is interpreted as the more error, the
less accurate quality results generated from the proposed quality sub-models. In contrast, the less error, the
more accurate quality results generated from these quality sub-models.

Normalizing the error is done by using the error of each parameter to calculate its weight and
making the summation of all the weights generated from these errors equals to 1. The normalization is done
based on the following steps:

1) Calculate the error, Error;, for each parameter i using its corresponding error sub-model as

described above and in Appendix D.

2) Sum up all the error values for all the parameters as follows:

sum = Y}, Error;  (6.21)

3) Normalize the error as follows:

Error;

Error'; = — (622

4) Continue normalizing the error as follows:
Error”; =1— Error';, (6.23)
5) Sum up the new normalization of the errors as follows:
sum' =Yt Error’; (6.24)

6) Calculate the weight as follows:

weight; = 222 (6.25)

sum/

As a result, normalizing the error decreased the PCC and increased the RMSE values, which

generates results that start to deviate from the reference results. Using the normal weight, i.e., as described
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in (4.11), increased the PCC by 0.2% and decreased the RMSE by 36.2%. Therefore, I concluded from this

experiment that using the normal weight enhances the results of the VTOM.

6.8.2. Importance of the QoS Parameters

To find out how important each transcoding parameter is to the overall video quality, I tried to
remove one transcoding parameter each time from the VTOM, and then I calculated the overall PCC and
RMSE again. I started by removing the frame rate, this decreased the PCC by 0.3% and increased the
RMSE by 16.9%. Removing the frame size decreased the PCC by 0.8% and decreased the RMSE by 1.5%.
Removing the bit rate decreased the PCC by 0.4% and decreased the RMSE by 1.7%. Finally, removing the
codec increased the PCC by 0.7% and increased the RMSE by 1.7%. I concluded from these results that all

these transcoding parameters are important factors to the VTOM.

6.8.3. Transcoding

Here are some observations that are related to video encoding and transcoding:

The H.264 and MPEG-4 codecs are unable to encode the vqeghdl src01 original, raw,
uncompressed video at lower than 6 Mbps. I believe that this is because of the video content
type and motion level.

e The H.264 and MPEG-4 codecs are unable to encode the vqeghdl src05 original, raw,
uncompressed video at higher than 10 Mbps. I believe that this is because of the video content
type, which is animation.

e The MPEG-4 codec is unable to reduce the frame rate from 29.97 fps to less than 15 fps for
the videos generated from vqeghdl srcO1 and vqeghdl src03 when the bit rate is more than
15Mbps.

e  When reducing the frame rate, the H.264 codec reduced the length of the videos more than the

MPEG-4 and FLV codecs. Generally, the H.264 codec reduced the length from 10 seconds to

around 6-7 seconds, MPEG-4 reduced the length from 10 seconds to 9 seconds, and FLV kept

the length the same, at 10 seconds.
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CHAPTER 7

QOS-AWARE VIDEO TRANSCODING SELECTION ALGORITHMS

Independent of any selection or composition algorithms, each transcoding function requires
evaluation. Previous research uses statistical methods to evaluate these functions based only on the
characteristics of the output video generated from each transcoding function [22]. Theses statistical
methods use the standard-deviation normalization, which transforms data in a more efficient way than
decimal normalization, using the mean and standard deviation [27]. This is done by picking up the most
balanced function instead of one that is strong in one characteristic, e.g., delay, and weak in another, e.g.,
frame rate, [27]. To understand these statistical methods, this chapter provides a detailed description along
with an example on how they work. It also presents my adaptation to generate four different QoS-aware
video transcoding selection algorithms. Each of these algorithms selects the best transcoding function that
meet the end-users requirements, i.e., required format, and comes as close as possible to satisfy their
preferences, i.e., desired QoS. These algorithms statistically evaluate each transcoding function using the
standard-deviation normalization introduced above. I evaluated these algorithms in terms of time
complexity, user satisfaction rate, success ratio, recall, and precision. The evaluation results show the

effectiveness and efficiency of these algorithms.

7.1. Introduction

When an end-user wants to watch a cloud-based video through a viewer (video playback
software), the viewer needs to request a stream of that video. As mentioned in Chapter 3, this request
includes a) the required video format, and b) a desired QoS that specifies a hoped-for video quality and a
tolerable delay. As mentioned before, the desired QoS includes frame size, frame rate, bit rate, but when
dealing with streaming, a desired QoS may also include a constraint on the amount of delay that the viewer
is willing to tolerate in the stream. Even though the delay does not directly characterize a video’s quality, it
does characterize a video stream and it affects the end-user’s experience. So, in these selection algorithms, I
limit the desired QoS to be the bit rate, frame rate, frame size, i.e., width, height, and aspect ratio, and

average transcoding delay.
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Before presenting these four selection algorithms, this chapter first provides formal definitions for
the function fitness, best fit, and weighted set used in these selection algorithms. These definitions are
based on the definitions mentioned before. Second, it gives an overview of state-of-the-art research that is
related to the QoS-aware video transcoding selection process. Third, it explains how I adapted these
algorithms from other domains as candidate solutions to the “best-fit” transcoding function selection
problem. Finally, it presents a general model for video delivery system independent of any particular
transcoding function selection algorithm. I used this model as a framework to evaluate the four selection

algorithms.

7.2. Definitions

Definition 7.1 (Transcoding Function Fitness): Informally, the transcoding function fitness is a value that
represents how much degradation in video quality the function can cause. Formally, the transcoding

function fitness is defined as follows:

y@Q0), ifv.f=tfinand Q.f = t. fou

otherwise

@00 = | .1)

where v is an input video, Q is a viewer request, and t is a transcoding function. is a function that
computes a fitness value. Section 7.5 introduces the four candidate algorithms for calculating the value of
the function . The value of y(Q, t) is a non-negative real number that combines the fitness with respect to

video degradation and transcoding delay, the lower the value, the better it is.

Definition 7.2 (Quality of Service): A QoS, denoted in formulas as gos, is a specification consisting of
frame size (qos. f's), frame rate (qos. fr), bit rate (qos. br) and a tolerated delay (qos. d). v.c matches a
qos, written as v.c = qos, ifand only if v.c.fs = qos.fs,v.c.fr = qos.fr,and v.c.br = qos.br.
As with video characteristics, we can further describe the desired frame size in a QoS in terms of width,
qos. fs.w, height, qos. f's. h, and aspect ratio, qos. fs. ar. Generally, each specification q; € qos is

represented as qos. q;
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Definition 7.3 (“Best-fit”): The “best-fit” means the closest choice from a set of available ones based on
specific criteria. Selecting the “best-fit” transcoding function, from a set of compatible transcoders, means
selecting a transcoder with a transcoding function, based on the viewer’s request and the requested video,

such that £(v, Q, t) has the lowest value. Formally, I can define the “best-fit”, Best(v, Q, T), as follows:

Best(v,Q,T):Vt;Vtj t; €T A £(v,Q,t) < t(v,Q,t;) (7.2)

where v is an input video file, Q is a viewer request, and T is a transcoder.

Definition 7.4 (The Weighted Set): WS = {w,, w,, ..., w,,}, where w; is the viewer request’s weight value
for the video characteristic qos. q;, where (1 < i < m). The sum of these weights should be one. Each
element in this set indicates how important its corresponding QoS property is to the viewer. For example,

Table 7.1 shows a sample of the WS for a viewer request.

7.3. Related Work

Although selecting a “best-fit” transcoder has been an open problem to date, there are similar
selection problems in other domains, like web services, that have been heavily investigated [44]. The
problem of selecting the most appropriate web services from a pool of available ones that best match the
end-user requirements and preferences has received a considerable attention in recent years [44]. The
problem of web service selection shares many of the same concerns found in the multimedia service
selection. However, it is not easy to directly apply web service selection approaches to the multimedia
domain for two reasons: a) the rich semantic and complex internal structure of multimedia content itself,
which is a combination of different forms, e.g., video, audio, or images, makes the process of storing,

transcoding, transporting, and receiving them expensive; and b) the dynamic characteristics of multimedia

Table 7.1. An example of the viewer’s weighted set.

QoS Properties Bit rate Frame rate | width height delay aspect ratio
Weight 0.1 0.6 0.1 0.1 0.05 0.05




82
applications, such as the continuous flow of multimedia streams, makes the real-time processing
requirement difficult [22].

Optimization algorithms like linear programming, dynamic programming, and Dijkstra-based
algorithms have been proposed as solutions to the web service selection problem [22]. Yan Gao et al. [45]
applied dynamic programming to solve the web service selection problem based on interface matching and
to dynamically select the optimum Web services for composite services. However, their approach has some
limitations, such as the complexity of runtime decisions. Rathore and Suman [46] proposed a Local
Selection and Local Optimization (LSLO) approach based on linear programming for optimal candidate
service selection for composition. In spite of the advantages of their approach, there are also some
limitations. For example, they considered only the positive QoS properties. Avoiding negative QoS
properties may result in inappropriate selections that might violate end-user expectations.

Hao Gao et al. [47] defined a novel similarity measure between user request and available services
for web service selection. They calculated a similarity score for generating the ranking list. In addition, Hao
Gao et al. [47] proposed a flexible matchmaking approach that enables the user to present the negotiable
preference. After identifying the candidate services by using the matchmaking approach, i.e., either
matching or not, they selected the service that has the maximum similarity value, using both categorical
and numerical values. They provided a case study to illustrate their approach, but had insufficient data to
evaluate the effectiveness and efficiency. In addition, they did not analyze the time complexity for their
proposed selection approach.

For cloud-based service selection, Len et al. [48] divided selection techniques into three types, one
of which is multi-criteria decision making technique, which is relevant to a transcoding function selection.
Also, they considered cloud services as similar to web services, but in a different category. In addition, they
described the differences between web services and cloud-based services. Building on their definitions, I
considered video transcoding functions as cloud-based services and consider the transcoding function
selection problem as a multi-criteria decision-making problem.

The cosine similarity and Euclidian distance are successfully used for such problems in

information retrieval and data mining research [49] [50]. In addition, using similarity measures for service
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selection, based on explicitly stated preferences, is a useful approach in service selection applications [51].

Therefore, for these reasons, I decided to adopt them in the transcoding function selection problem domain.

7.4. A General Model for a Cloud-based Video Distribution System

Figure 7.1 shows a general model for a cloud-based VDS, consisting of the following three main
sub-systems: a) a cloud-based service management system, b) a cloud-based video transcoding system, and
c¢) a cloud-based video streaming system. Here I will focus on the service management system, specifically,
on the service selection process.

In this model, all available transcoders and their transcoding functions, which are provided by the
service providers, are captured in a Service Registry. Step 1, which only needs to occur once after the
Service Registry is loaded, normalizes t. qos for every transcoding function t in every transcoder T in the

Service Registry, using the standard-deviation normalization, norm(qos. q;), as in [27] as follows:

( 2 if (qos.q; — u(qos.q)) > 2 * 6(qos.q;))
norm(qos. q;) = 4 0, if ((qos.q; — u(qos. q;)) < =2 * 5(qos.q;)) (7.3)

k(—qos'q"_” (qos'qi)) +1 otherwise
2x8(qos.q;) !

where qos. q; is the value of the QoS property i where q; € qos. The QoS properties are qos. fs.w,

Figure 7.1. A general model for a cloud-based VDS.
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qos. fs.h, qos. fs.ar, qos. fr, qos. br, and qos. d. The mean and standard deviation of the QoS property i
is represented as u(qos. q;) and §(qos. q;), respectively.
I calculated the mean value for each QoS property i for each video transcoder T that contains m

transcoding functions as follows:
1
u(qos.q;) = —* XiLy(tj.qos.q;) (74
Also, I calculated the standard deviation value for each QoS property i for each video transcoder T

that contains m transcoding functions as follows:

520500 = |2 Z71((t7-005.00 = W(T.c. 07 (1.9)

For the QoS properties that are better with smaller values, e.g., delay, norm(qos) is further

transformed into norm'(qos. q;) as follows [27]:
norm’(qos.q;) = 2 — norm(qos.q;) (7.6)

It is obvious that this step has been completed before the viewer submits a request, so I decoupled
its computation time from the computation time of the four candidate algorithms.

The normalization step is required because each QoS property has a different unit. For example,
the delay in milliseconds, while the bit rate in kilobits per second. In addition, some properties are better
with smaller values while others are better with bigger values.

For the remainder of this chapter, I will use t’ to represent a transcoding function t where t. qos
has been replaced with norm(t. qos).

Every time a viewer submits a request, @, for a specific video, v, the system needs to normalize
Q. qos using (7.3). Below [ use Q’ to be a revised request with Q. gos replaced by norm(Q. qos). This
process is Step 2 in Figure 7.1.

Step 3 uses Q' to discover compatible transcoders among the transcoders that are available in the
Service Registry, according to Definition 3.8. In other words, Step 3 finds a set of transcoders, CT = {T;},
such that comp(T;, v, Q) is true. Service discovery is a very important step in the service management
system. In this chapter, I decided to focus on the service selection process and keep the service discovery

step as simple as possible. I used a simple searching mechanism to discover all the compatible transcoders
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from the Registry. For example, when the end-user wants to watch a cloud-based video that is originally
encoded using H.264 through his playback software that supports DivX format, the viewer needs to request
a stream for that video in DivX format. Thus, I used all the transcoders that transcode from H.264 to DivX
as compatible transcoders in the selection process.

In Step 4, one algorithm from the candidate algorithms is used to compute (v, Q', t") for every t’
inevery T; € CT. Step 5 then selects the “best-fit” according to Definition 7.3. In other words, it chooses a
t’ with a £(v, Q', t") value that is less than or equal to any other values.

Once a transcoding function has been selected in Step 5, then the processes, represented by Steps 6

and 7, perform the actual transcoding and streaming of the transcoded video.

7.5. The Candidate Algorithms

Step 4 shown in Figure 7.1 represents the actual computation for the fitness value, y. In this
section, I will explain my adaptations to propose four different algorithms from related research areas that
compute the fitness value, y. Then in the next section I compare their effectiveness.

The candidate algorithms are the Normalized Similarity (NS) algorithm, Normalized Euclidian
Distance (NED) algorithm, Weighted Normalized Similarity (WNS) algorithm, and Weighted Normalized
Euclidian Distance (WNED) algorithm. I believe that using any of these algorithms would represent an

advancement for the transcoding function selection problem.

7.5.1. Normalized Similarity (NS) Service Selection Algorithm

This algorithm is an adaptation of the cosine similarity measure [50]. As such, it finds the fitness
between each normalized transcoding function, t . qos, and a normalized viewer request, Q . gos. Algorithm
7.1 describes the NS algorithm as follows: Given a set of compatible transcoding functions, CT =
{t,,t, ..., t,}, and a viewer request, Q = {f, QoS}, I can define the fitness, y(Q . qos, t ;. qos), between
each normalized transcoding function, t ;, where (1 < i < n) and Q in the NS algorithm using (7.7).

An Example: This example facilitates understanding the NS algorithm and illustrates the proposed

cloud-based video distribution model shown above. It also describes the statistical method that uses the
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standard-deviation normalization. Assume there are 10 compatible transcoding functions that convert from
H.264 to WMV 1 but with different QoS specifications, see Table 7.2. The FR, BR, FS.W, FS.H, and D are
the frame rate, bit rate, frame width, frame height, and delay, respectively. I computed the last column AR
as FS.W/FS.H. The rows labeled M and SD are the mean and standard deviation, respectively. The last row

is the viewer request, Q. qos.

Algorithm 7.1: Normalized Similarity (NS) algorithm.
Input:
1) The normalized values for the QoS properties for all the transcoding functions that are available
in the compatible transcoders set, i.e., CT = T; = {t';, t'5, ..., t'p}.
2) A viewer request, i.e., Q = {f, qos}.
Output: The “best-fit” transcoding function.
Step 1: Normalization

1) Normalize all the QoS properties for the viewer request, Q. gos, using (7.3) to generate Q'. gos.

2) For the QoS properties that are better with smaller values, use (7.6) for further normalization.
Step 2: Calculate the fitness value, y(Q'. qos, t';. qos), between each normalized transcoding function,
t ;. qos, and the normalized viewer request, Q . qos, as follows:

v(Q'.qos, t';.qos) = 1 — Eseos((£71-905.95)%(Q".q05.95))
[Eseaos(t1:405.09)%x [scgos(@” a05.45)?
where g, represents the QoS value for its corresponding QoS property for the normalized
transcoding function, t ;, and the normalized viewer request, Q . qos.
Step 3: Return the transcoding function that has the lowest fitness value.

(7.7)

Table 7.2. Video transcoding service functions with different QoS values.

t; BR (Kbps) FR (fps) FS.W (pixel) FS.H (pixel) D (ms) AR
1 15.48 8 128 72 1.1 1.78
2 19.35 10 128 72 1.15 1.78
3 23.22 12 128 72 1.2 1.78
4 92.9 12 256 144 1.3 1.78
5 116.13 15 256 144 1.35 1.78
6 241.92 18 320 200 1.6 1.60
7 268.8 20 320 200 1.65 1.60
8 386.59 23.97 320 240 1.8 1.33
9* 387.1 24 320 240 1.85 1.33
10 483.36 29.97 320 240 2.35 1.33
M 203.49 17.29 249.6 162.40 1.54 1.61
SD 174.14 7.14 87.70 71.56 0.39 0.20
Q.qos 388 24 320 230 1.87 1.39
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I calculated the average transcoding delay for each transcoding function by averaging the time (in

milliseconds) needed to transcode one video frame for all video frames that are available in a certain video.

For example, if | have a video stream that has n video frames, I calculated the average transcoding

delay, delay(t;), for the transcoding function t; as follows:

where vf; is the time needed to transcode one video frame, i.
Table 7.3 shows the normalized values for the 10 transcoding functions. The last row represents
the @ , which is the normalized value for the viewer request, Q. qos. These values were computed using

(7.3). T used (7.6) to further normalize the delay, i.e., D column.

delay(t,) =

Z?:]_ Vfi
Bl (7g)

Using the NS algorithm, I calculated the fitness value between each transcoding function, t . qos,

and Q’. gqos. Table 7.4 shows the results. For example, consider the normalized values of the first

transcoding function, t ;, and the viewer request, Q . To calculate the fitness value using the NS algorithm, I

want to re-write (7.7) for simplicity as follows:

y(Q'.qos,t';.qos) =1 — (L), where

A= (0460 * 1.53) + (0.349 * 1.47) + (0.307 * 1.401) + (0.368 * 1.472) + (1.553 = 0.574)

BX C

+ (1.416 * 0.464) = 3.737

B = \/0.4602 + 0.3492 + 0.307% + 0.3682 4 1.5532 + 1.416% = 2.232

Table 7.3. The QoS values after normalization.

t'; N-BR N-FR N-W N-H N-D N-AR
1 0.460 0.349 0.307 0.368 1.553 1.416
2 0.471 0.489 0.783 0.368 1.490 1.416
3 0.482 0.629 0.783 0.368 1.426 1.416
4 0.682 0.629 1.151 0.871 1.299 1.416
5 0.749 0.839 1.151 0.871 1.235 1.416
6 1.110 1.049 1.335 1.263 0.917 0.978
7 1.188 1.189 1.335 1.263 0.854 0.978
8 1.526 1.467 1.335 1.542 0.663 0.321
9 1.527 1.470 1.335 1.542 0.599 0.321
10 1.804 1.888 1.335 1.542 0.000 0.321
Q'.qos 1.530 1.470 1.401 1.472 0.574 0.464
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C= \/1.532 +1.470%2 + 1.401% 4+ 1.4722 + 0.574? 4 0.464% = 3.029

3.737

—=———-) = 0.4472
2.232 % 3.029)

y(Q'.qos,t';.qos) =1 — <
I followed the same way to calculate the fitness values for the other transcoding functions. Using

these fitness values present in Table 7.4, the "best-fit" transcoding function that has the minimum fitness

value will be selected, which turns out to be t.

7.5.2. Normalized Euclidean Distance (NED) Service Selection Algorithm

This algorithm is an adaptation of the Euclidean distance [49]. As such, it finds the distance
between each normalized transcoding function, t . qos, and a normalized viewer request, Q . gos. Algorithm
7.2 describes the NED algorithm as follows: Given a set of compatible transcoding functions, CT =
{t,,t, ..., t,}, and a viewer request, Q = {f, QoS}. I can define the fitness, y(Q . qos, t ;. qos), between
each normalized transcoding function, t ;, and the normalized request, Q , in the NED algorithm using

(7.9).

7.5.3. Weighted Normalized Similarity (WNS) Service Selection Algorithm

This algorithm is an adaptation to the cosine similarity measure [50] with the values of the
weighted set. As such, it finds the fitness between each normalized transcoding function, t . gos, and a

normalized viewer’s request, @ . qos. Algorithm 7.3 describes the WNS algorithm as follows: Given a set

Table 7.4. The fitness values between the normalized transcoding functions and the normalized viewer
request.

tli Y(Q’) t’i)
0.4472
0.3498
0.3223
0.197
0.1642
0.0421
0.0316
0.0021
* 0.0017
0.0257
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©

—_
(=)




89
of compatible transcoding functions, CT = {t 1, t 5, ..., t }, a viewer request, Q = {f, QoS}, and a weighted
set, WS = {wy, w,, ..., w,,, }. I can define the fitness value, y(Q'. qos, t ;. qos), between each normalized
transcoding function, t ;, and the normalized request, Q’, based on the weighted set, WS, in the WNS

algorithm using (7.11).

Algorithm 7.2: Normalized Euclidian Distance (NED) algorithm.

Input:
1) The normalized values for the QoS properties for all the transcoding functions that are available in
the compatible transcoders set, i.e., CT = T; = {t';, t'5, ..., ', }.
2)A viewer request, i.e., Q = {f, qos}.
Output: The “best-fit” transcoding function.
Step 1: Normalization
1)Normalize all the QoS properties for the viewer request, Q. qos, using (7.3) to generate Q'. qos.
2)For the QoS properties that are better with smaller values, use (7.6) for further normalization.
Step 2: Calculate the fitness value, y(Q’. gos, t';. qos), between each normalized transcoding function,
t ;. qos, and the normalized viewer request, Q . qos, as follows:

Y(Q’- qos, t,i- CIOS) = \/ZsEQoS(ti- qos.qs — Q . QOS- qs)z (7'9)

where g, represents the QoS value for its corresponding QoS property for the normalized transcoding
function, t ;. qos, and the normalized viewer request, Q . qos.
Step 3: Return the video transcoding function that has the lowest fitness value.

Algorithm 7.3: Weighted Normalized Similarity (WNS) service selection algorithm.

Input:

1) The normalized values for the QoS properties for all the transcoding functions that are available in

the compatible transcoders set, i.e., CT = T; = {t';,t'5, ..., t'n}.
2)A viewer request, i.e., Q = {f, qos}.
3)A set of weights for the QoS properties, i.e., WS, that satisfies the following:
ssawsg =1 (e, W, + Wy + W, + W, + W, + W, =1)  (7.10)

Output: The “best-fit” transcoding function.
Step 1: Normalization

a)Normalize all the QoS properties for the viewer request, Q. qos, using (7.3) to generate Q'. qos.

b)For the QoS properties that are better with smaller values, use (7.6) for further normalization.
Step 2: Calculate the fitness value, y(Q . qos, t ;. qos), between each normalized transcoding function,
t';. qos, and the normalized viewer request, Q'. gos, as follows:

_}/(QI qos, t’i' qos) =1- ZSGQOS((WSXt’i'qOS-qS)X(WSXQ,'qOS'qS)) (71 1)

JZSEQOS(WSXt’i-qOS-qS)ZXJZSEQOS(WSXQ’-qOS-qS)Z

where g, represents the QoS value for its corresponding QoS property for the normalized transcoding
function, t';. gos, and the normalized viewer request, Q'. gos. The wy represents the set of weights in the
ws.

Step 3: Return the transcoding function that has the lowest fitness value.
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7.5.4. Weighted Normalized Euclidean Distance (WNED) Service Selection Algorithm

This algorithm is an adaptation to the Euclidean distance [49] with the values of the weighted set.
As such, it finds the distance between each normalized transcoding function, t'. gos, and a normalized
viewer request, Q'. qos. Algorithm 7.4 describes the WNED algorithm as follows: Given a set of
compatible transcoding functions, CT = {t';, t',, ..., t',}, a viewer request, Q = {f, QoS}, and a weighted
set, WS = {wy, w,, ..., w,, }. I can define the fitness value, y(Q'. qos, t';. qos), between each normalized
transcoding function, t'; and the normalized viewer request, Q , based on the weighted set WS in the

WNED algorithm using (7.12).

Algorithm 7.4: Weighted Normalized Euclidian Distance (WNED) algorithm.

Input:
1) The normalized values for the QoS properties for all the transcoding functions that are available
in the compatible transcoders set, i.e., CT = T; = {t'y, t'5, ..., t'p}.
2)A viewer request, i.e., Q = {f, qos}.
3)A set of weights, i.e., WS, for the QoS properties that satisfies (7.10).
Output: The “best-fit” transcoding function.
Step 1: Normalization
a)Normalize all the QoS properties for the viewer request, Q. qos, using (7.3) to generate Q'. qos.
b)For the QoS properties that are better with smaller values, use (7.6) for further normalization.
Step 2: Calculate the fitness value, y(Q . qos, t ;. qos), between each normalized transcoding
function, t';. qos, and the normalized viewer request, Q'. gos, as follows:

y(Q.qos,t;.qos) = \/ZSEQOS((WS X t;.q0s.qs) — (Ws X Q".Qos.q5))*  (7.12)

where g, represents the QoS value for its corresponding QoS property for the normalized transcoding
function, t';. qos, and the normalized viewer request, Q'. qos. The w, represents the set weights in the
WS set.

Step 3: Return the transcoding function that has the lowest fitness value.

7.6. Evaluation and Discussion

This section presents the evaluation of these four candidate algorithms in terms of success ratio.
Then, it analyzes the time complexity for each of them. After that, it describes in detail calculating the user
satisfaction rate. Finally, it depicts the further evaluation in terms of recall and precision along with a

discussion regarding limitations and some possible extensions of this work.
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7.6.1. Evaluation Setup

For evaluation, I created 472 transcoding functions that convert from H.264 to WMV 1, but with
different QoS specifications. These specifications cover most of the common frame sizes, frame rates and
bit rates. I also generated five different viewer requests and evaluated the QoS assurance in terms of

success percentage and user satisfaction, based on the above five different queries.

7.6.2.  Success Percentage
I calculated the success percentage as follows:

1, xeA

SRZ{O,xGEA

(7.13)

where SR is the success percentage, which is either O or 1. It is 1 if the retrieved transcoding function x
from the candidate algorithm belongs to the class A, or 0 if it does not belong to a class A. Class Ais a
predefined class, which contains the most relevant transcoding functions that are close enough to the
viewer request based on the expert judgment. This was done by having an expert look at the above 472
transcoding functions, and determines the acceptable transcoding functions for each viewer request and
then add them to the class A.

As a result, the success ratio of these candidate algorithms, based on the above five queries that I

created, is 1, which means that all these algorithms achieved high success ratio results.

7.6.3. Complexity Analysis

Let N denote the total number of transcoders that are available in the Service Registry and let M
be the maximum number of transcoding functions that satisfy the hard constraints, i.e., the total number of
transcoding functions that belong to the group of compatible transcoders. Based on Figure 7.1, in Step 1,
normalizing the QoS properties for all the available transcoders using (7.3) takes O(N). As I described
earlier, I decoupled the computation time for this step from the candidate algorithms’ computation time.
Therefore, I will not consider this time in the candidate algorithm’s overall computation time. In Step 2,
normalizing the viewer request using (7.3) takes O(1). In Step 3, discovering the compatible transcoders

requires O (log(N)). In Step 4, For NS and NED algorithms, calculating the fitness between each
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transcoding function and the viewer’s request using (7.7) or (7.9) takes O(M). Therefore, based on this
analysis, the time complexity for the NS and NED algorithms is O(log(N) + M + 1) = O(log(N) +
M), which means that the service selection using the NS or NED algorithms is done in linear time.

For the WNS and WNED algorithms, calculating the fitness value between each transcoding
function and the viewer’s request in Step 4 using (7.11) or (7.12) takes O (M). Therefore, based on this
analysis, the time complexity for the WNS and WNED algorithms is O(log(N) + M + 1) =
O(log(N) + M), which means that the service selection using the WNS or WNED algorithms is also

done in linear time.

7.6.4. User Satisfaction Rate

This experiment focuses on evaluating the candidate algorithms in terms of user satisfaction rate,
which can be defined as follows:

Sp = —%100% (7.14)

where S, represents the user satisfaction rate, o represents the total number of QoS criteria that are
completely satisfied, i.e., exact values, and w represents the total number of QoS criteria that are available,
i.e., the total number of QoS criteria is 6. As a result, the user satisfaction rate for all the candidate
algorithms is 100%. These results show that these algorithms have high user satisfaction rates based on the

five different viewer requests mentioned above.

7.6.5. Further Evaluation

Because the four candidate algorithms achieved the same results in terms of success ratio and user
satisfaction rate, I performed further experiments to evaluate the performance of these candidate algorithms
in terms of classification. In other words, how the candidate algorithms are strongly classify the transcoding
functions. I calculated the QoS assurance in terms of average recall and average precision based on the

above five queries as follows:

recall = (7.15)

(XA

precision = % (7.16)
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where ¢ is the total number of transcoding functions retrieved from the proposed algorithms and in a class
A, based on a specific threshold. J is the total number of transcoding functions that are in the class A,
based on expert judgment, and Y represents the total number of transcoding functions that are retrieved.
Class A is a predefined class, which contains the most relevant services that are close enough to the viewer
request.

Figure 7.2 shows the evaluation results of these candidate algorithms based on the above five
queries that I created. I measured these candidate algorithms in terms of how they successfully retrieve the
transcoding functions that are belong to the class A. I also established a reference set of “best-fit” choices
by having an expert look at the above 472 transcoding functions and determine the acceptable transcoding
functions for each viewer’s request, i.e., the transcoding functions that belong to the class A. It is obvious
that the WNED algorithm achieves the best result in terms of average recall (85%), the NED algorithm
achieves the best result in terms of average precision (69%). For the WNS and WNED algorithms, I choose
equal weights that satisfy (7.10) for all the QoS properties. In case of different weights, as shown in Table
7.1, the returned result have in average a good recall (80%) and a low precision (14.6%). Since recall is
more important for this problem, I conclude that the WNED algorithm is the best algorithm from among
these four.

In case of different weight values, i.e., WS set, and based on the discussion above, I got low

085 - 0.8 ENS

0.8 -
075 - 08 0.8 ENED
0.69

0.7 - 0.64 WNS

065 - 0.67 0.66 = WNED
0.6 -

0.55 -

Recall/Precision

Average Recall Average Precision

Figure 7.2. Evaluation results of the four candidate algorithms in terms of average recall and average
precision.
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precision values after applying the WNS and WNED algorithms. For this, I tried to find the best set of
weight values that is a combination of different weight values for all QoS properties, which returns the
highest recall and precision. For WNED, I started by assigning an equal weight for all the QoS properties
as a base state. Then, I incremented the weight of one of the QoS properties and decremented the weight of
the others (this set of weights should satisfy (7.10)), to generate a new state that might be a better state than
the base state. After certain steps, sometimes the results I got represent a better state than the base case and
sometimes a worse. I followed the induction principle [52] to prove that the new state is either a better or a
worse than the base state.

For the bit rate test, I started by assigning an equal weight, i.e., 0.1666, set A, for all the QoS
properties. After few increment and decrement steps, I got the highest recall value, i.e., 100%, and the
highest precision value, i.e., 40%, when the weight value for the bit rate is 0.47, i.e., set B, and the weight
value for all the other QoS properties is 0.106, i.e., set B. Therefore, I can prove by induction that this new
state is better than the base state, i.e., set B is better than set A.

For the aspect ratio test, I started by assigning an equal weight, i.e., 0.1666, set A, for all the QoS
properties. After few increment and decrement steps, I got the highest recall value, i.e., 100%, and the
highest precision value, i.e., 40%, when the weight value for the aspect ratio is 0.37, i.e., set B, and the
weight value for all the other QoS properties is 0.126, i.e., set B. Therefore, I can prove by induction that
this new state is better than the base case, i.e., set B is better than set A.

For the width and height tests, I started by assigning an equal weight, i.e., 0.1666, set A, for all the
QoS properties. After few increment and decrement steps, I got the highest recall value, i.e., 100%, and the
highest precision value, i.e., 30.8%, when the weight value for the width and height is 0.19, i.e., set B, and
the weight value for all the other QoS properties is 0.155, i.e., set B. Therefore, I can prove by induction
that this new state is better than the base case, i.e., set B is better than set A.

For the frame rate test, I started by assigning an equal weight, i.e., 0.1666, set A, for all the QoS
properties. After few increment and decrement steps, I got the highest recall value, i.e., 100%, and the

highest precision value, i.e., 26.7%, when the weight value for the frame rate is 0.22, i.e., set B, and the
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weight value for all the other QoS properties is 0.156, i.e., set B. Therefore, I can prove by induction that
this new state is better than the base case, i.e., set B is better than set A.

For the delay test, I followed similar steps as described above. Unfortunately, I found that all the
new states are worse than the base case, i.e., the base case is when all the weights are the same and it is
better than all the new states.

There are two limitations associated with these selection algorithms. Firstly, the WNS and WNED
algorithms depend on the viewer’s assigned weight, i.e., WS, which is sometimes difficult to successfully
assign them. Secondly, the successful use of these candidate algorithms depends on a large number of
transcoding functions that cover most or all of the QoS properties. Studying these two limitations will be a

future work.
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CHAPTER 8

SUMMARY, CONCLUSION, AND FUTURE WORK

Guaranteeing a desired quality of the perceived, i.e., transcoded, video requires selecting or
composing a set of transcoding functions that satisfy the requested viewing format and desired QoS. An
effective way to accomplish this is by allowing the selection and composition mechanisms to take place
based on a model that assesses the impact of video transcoding on video quality. This dissertation took the
necessary steps to introduce, present, develop, and substantiate a general parametric model, called VTOM,
that provides an extensible transcoding selection mechanism that takes into account the format and
characteristics of the input video, the format required by the video playback software, and the desired QoS.

This selection mechanism uses VTOM for assessing the impact of video transcoding on objective
video quality. As criteria for selection and quality evaluation, VTOM uses a set of media-related
transcoding parameters including codec, bit rate, frame rate, and frame size. This research used the
following three full-reference objective metrics: PSNR [11], SSIM [12], and MS-SSIM [9], to measure the
quality of the transcoded videos given an original video and to develop, test, and evaluate the VTOM.

VTOM includes four quality sub-models, each describing the impact of one of these parameters on
objective video quality. VTOM combines these quality sub-models with four additional error sub-models
that I developed in a single weighted product aggregation function for assessing the overall quality of the
transcoded video that is generated from a single transcoding function based on the above transcoding
parameters. VTOM typically presents a mathematical function that estimates the perceived video quality
based on different parameters. Therefore, the quality estimation is computed as the result of a direct
mathematical function.

To develop the four quality sub-models, I used the results from exploring the impact of changing
codec, and reducing each of bit rate, frame rate, and frame size, which include more than 2310 videos. In
addition, I used the MS-SSIM [9] metric to generate the reference results. To test these quality sub-models,
I used, as a testing set, four original, raw, uncompressed videos and encoded them at different bit rates

using three different video codecs. Then I transcoded these encoded videos to generate more than 1510
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transcoded videos. To evaluate these quality sub-models, I used the PCC and RMSE metrics that are widely
used to evaluate image and video quality models. The conducted experiments showed that all of these sub-
models achieved high PCC values with low RMSE values.

To develop the four error sub-models, I used the results of the videos that are available in the
above testing set as training and testing sets. I used these error sub-models to calculate the weight for each
of the above quality sub-models in the overall video quality. The evaluation results showed high PCC with
very low RMSE values between the predicted and reference error values. The predicted error values are
generated from the error sub-models. The reference error values represent the average of the absolute
difference between the actual quality values generated from MS-SSIM and the predicted quality values
generated from the quality sub-models at a given bit rate. In addition, I performed another experiment to
calculate the weight based on normalizing the error, showing that normalizing the error generated results
that decreased the PCC values and increased the RMSE values of the VTOM.

To evaluate the VTOM, I compared the predicted video quality results that are generated from
VTOM with quality values generated by using MS-SSIM [9]. These extensive comparisons yielded results
that showed high PCC values, with low RMSE values.

In the future, I plan to add video content type and motion level to the parameters that characterize
the quality. Estimating the motion level could be done by calculating the average value of the Sum of
Absolute Differences (SAD) that estimates the motion level in each video. Also, it has been shown that
video content affects the perceived video quality [8].

Other factors that were not evaluated may also affect the perceived video quality, such as the
available bandwidth (causing re-buffering), GOP size and structure, packet loss and concealment strategy,
video codec-specific configurations, delay and jitter, video filters at receiver, and display type.

As a consequence of VTOM, the researchers and VDS developers have a model to calculate the
degradation that each transcoding function can cause on the fly rather than evaluate it statistically. This can
lead us to conclude that VTOM advances the field of video transcoding and video quality models and can
improve transcoding service selection and composition algorithms that guarantee the required format and

QoS, while optimizing transmission.
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In addition, VTOM paves the road for researchers to develop and improve video transcoding
selection and composition algorithms that might generate more accurate results. Also, it opens
opportunities for researchers to propose extensions to VTOM or similar models that consider additional
video characteristics and end-user preferences or expanding their ranges, which could prove to be very
beneficial to a wide range of video-based systems and applications. Moreover, the substantiated results
from this research lead us to believe that further subjective studies would be of great interest and value and
represent a future direction of this research. VTOM also provides the foundation that can be extended, in a
future work, to help in composing a set of selected transcoding functions and thereby assessing the quality
of the transcoded video that is generated from composing these functions.

There exist likely benefits of the VTOM in different areas, such as cloud-based video delivery
systems and applications, video conferencing, video surveillance systems, adaptive video transcoding and
streaming, live streaming, smart phone content adaptation, Multimedia Message Service (MMS), home
theater PC, on-demand video transcoding applications, and real-time video monitoring systems.

As part of this research and because no objective metric exists in the literature that evaluates the
relative quality of two videos that have different frame rates, it was necessary to develop such a metric,
called Frame Rate Metric (FRM). FRM uses the LCM and any frame-based quality metric to calculate the
weighted average of comparing frames from the original and transcoded videos. I believe that the proposed
metric represents an initial step toward developing a more robust one. However, it needs more evaluation
using subjective tests and I left this for a future work.

To find out how important each transcoding parameter is to the overall video quality, I tried to
remove one parameter each time from VTOM, and then re-calculate the overall PCC and RMSE values
again. [ found that all of them are important to the overall quality. In addition, I found that the frame size
has the highest impact on the PCC, while the frame rate has the highest impact on the RMSE.

As a technical contribution, this dissertation provides an implementation of 780 transcoding
functions that handle different combinations of different values of transcoding parameters. This
implementation is based on Java® SDK 1.8 and Xuggler® 4.5. I plan to make this implementation and the

video database that is generated from this research publicly available to the research community to
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facilitate comparative evaluations of newer objective models and advance the state-of-the-art research in
perceptual video quality systems.

In addition, this research presents a general model for a cloud-based video distribution system
[14]. This model contains three sub-systems and has the following five benefits: a) it allows handling
different distributions of transcoding functions and different end-user requests in the cloud; b) it helps in
developing and evaluating new selection and composition algorithms; c) it provides a clear separation
between video content and transcoding functions; d) it generates more powerful applications with more
complex functionalities; and e) it allows video transcoding providers to add more transcoding functions to
the cloud and video transcoding consumers that are distributed in different sites to consume these
functionalities.

This research also presents a transcoding selection mechanism, which introduced four candidate
algorithms: NS, NED, WNS, and WNED [13]. I showed that they are O(log(N) + M), where N is the
total number of choices and M is the maximum number of choices that satisfy the hard constraints. Then I
conducted an experiment using a database that contains 472 transcoding functions, sample viewer requests,
and expert opinions about the “best-fit” choice for each request. I showed that all of the above algorithms
achieved high results in terms of success ratio and user satisfaction rate. In addition, I performed further
experiments to evaluate these algorithms in terms of classification. I showed that the WNED algorithm
achieved the highest result in terms of recall with a value of 85%, while the NED achieved the highest
result in terms of precision with a value of 69%.

Possible future directions from this research would be composing the selected transcoding
functions to satisfy complex viewer requirements and preferences. In addition, it would be possible in the
future to build a complete cloud-based video delivery system, which includes both video transcoding and
streaming sub-systems, based on the viewer requirements and preferences. Moreover, I could do a more
thorough evaluation with a test bed constructed using input from multiple experts for the QoS-aware video

transcoding service selection process.
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APPENDIX A

VIDEO TRANSCODING TYPES

This appendix provides more description about different types of video transcoding along with the
video codecs that I used in this research. This classification follows similar style and structure that is

described in [18] [19].

A.1.Video Transcoding Types Based on Content Variation

Based on the content variation, video transcoding is classified into the following approaches [18]:

A.1.1. Static Transcoding

In static transcoding, multiple versions of the same original video content are transcoded in
advance and then stored in the server side. These versions are transcoded based on the common formats or
codecs, network bandwidths, devices, and end-user requirements and preferences. When the end-user
makes a video request with a specific format requirement and QoS preference values, the system will select
the appropriate version among the existing transcoded ones, without any modification. The advantage of
this approach is reducing the processing and the delivery time, so there is no need to wait for video
transcoding to be completed on the original video, because the desired version is already available. On the
other hand, there is a need for huge storage capabilities in order to store different versions of the same
video content. In addition, whenever a new format, device, or display size appears on the market, a new
version should be generated. Moreover, managing this huge amount of video content requires more

resource management in terms of indexing, processing, accessing, retrieving, recovery, and storage [18].

A.1.2.  Dynamic Transcoding

In static transcoding, a set of transcoded versions is generated and stored in advance, while in the
dynamic transcoding, video transcoding occurs "on the fly"; upon the end-user's request [18]. When an end-
user requests a video to be played on his device, that request is sent to the server, where upon the system
interprets the request and extracts the required format and QoS, then it transcodes the original requested

video "on the fly" to generate a new version that matches the end-user requirement and preferences, then
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finally it sends the stream back to the end-user. As a result, the end-user receives a video that matches his
requirements and preferences. The advantage of dynamic transcoding is that there is no need to store more
than one version of each original video. However, a scalable system should be provided in order to handle
huge end-user requests at the same time. Bosch [53] presented dynamic transcoding technology that

provided immediate access to high-quality video content for the first time at “Security Essen 2012".

A.1.3. Hybrid Transcoding

In hybrid transcoding, a mix of static and dynamic transcoding is performed. This approach was
initially introduced by Shin and Koh [54]. The static approach is used for frequently-accessed video content

while the dynamic approach is used when the video content is accessed less frequently.

A.2.Video Transcoding Types Based on Architectures

Video transcoding can be done at any point between video content creation and video content
consumption. This can take place at either the client's side, the server's side, or in the cloud. Video
transcoding types can be classified based on this architecture into: a) client-based transcoding, b) server-

based transcoding, or c) cloud-based transcoding. Each possesses strengths and weaknesses.

A.2.1. Client-based Video Transcoding

In the client-based video transcoding architecture, transcoding is done completely at the client's
device or playback software. In this situation, the server delivers the entire requested video without any
modification, while the user's device or playback software performs the real video transcoding based on its
capabilities in terms of processing power, supporting format, network bandwidth, power-saving settings,
displaying size, storage capacity, and other device-specific factors. Client-based transcoding has some
advantages: a) avoiding transporting large amounts of device and user-profile information or metadata to
the server for transcoding; b) tolerating failure when the server is unable to determine the device
capabilities from the request; and ¢) moving the transcoding overhead from the server side. On the other
hand, it has some weaknesses, such as: a) bottlenecking the network when requesting high-quality video

content, e.g., UHD at 30 fps, to be played at low quality, e.g., QCIF frame size and at 15 fps; and b) the
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transcoding speed and quality depend on the capabilities of the client's device. Opera software® is an

example of client-based transcoding [18].

A.2.2.  Server-Based Video Transcoding

In the server-based transcoding architecture, the transcoding is done completely at the server side.
When the server receives the client's request, which contains information about the client's device (or
playback software) and its capabilities in terms of media format, network bandwidth, screen size, and
storage; the server performs the transcoding and generates new media content that matches the request.
Both static (off-line) and dynamic ("on the fly") transcoding are supported by this architecture [18].

However, dynamic transcoding is not useful here because the transcoding is a computer-intensive
operation and the end-user should wait until the transcoded content becomes ready, which depends on
different client characteristics, different user preferences, and the communication protocol used in the
content delivery [18]. Server-based transcoding provides different video formats and content for each
original video using a static transcoding approach, and the video content that best matches the client's
request is selected and sent to the client. IBM WebSphere® Transcoding Publisher, BEA Weblogic®, and
AvantGo® are examples of server-based transcoding [18].

There are some advantages of using server-based transcoding, such as: a) the network is utilized
with the video content that matches the client's device and network bandwidth; b) the server offers more
processing power than the client devices; and ¢) the provided video content and quality are controlled by
the content creators. On the other hand, the drawbacks of server-based video transcoding are a) heavy
server-side applications may slow down the server; and b) the provided video contents and quality might

not best match the client's preferences.

A.2.3. Cloud-based Transcoding

In the cloud-based video transcoding architecture, the transcoding is done in the cloud and "on the
fly" based on the client's request. This is known as on-demand video transcoding. In this architecture, the
client requests a video content based on his device and network capabilities, and then the original video

content is transcoded "on the fly" using the cloud infrastructure capabilities and the transcoded video
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content is sent back to the client. The transcoded content might be stored or cached for future use, which
reduces the need for re-transcoding and avoids maintaining multiple variant copies of the same video
content. This architecture supports both dynamic and hybrid video transcoding, addresses heterogeneity
issues, and reduces overall end-to-end response time [18].

On-demand video transcoding is a computer-intensive operation. Therefore, transcoding a large
number of on-demand videos requires a large number of cloud-based transcoding servers. Similarly, a large
amount of disk space is required to store multiple transcoded versions for each source video. Infrastructure
as a Service (IaaS), such as Amazon Elastic Computing Cloud® (EC2)* and Amazon Simple Storage
Service®™ (S3)°, provide computing and storage resources under the pay-per-use business model [55].

EC2 provides the computing resources through Virtual Machines (VM) by dynamically creating
scalable clusters of servers, while S3 provides the storage resources. EC2 can be used to virtually create
scalable clusters of video-transcoding servers that hold thousands of video-transcoding functions, and
similarly S3 can be used to store both the original source video and the multiple transcoded versions. In a
cloud environment, video transcoding can be performed in several different ways. For example, it is
possible to map the entire video stream to a dedicated VM in order to transcode the entire stream, or split
the video streams into smaller segments and independently transcode each of them in different VMs [56].
Cloud-based video transcoding has been well investigated and improved in the recent years.

Software as a Service (SaaS) is a model where the customers can access the services via the
internet without paying attention to how these services are maintained. The service providers are
responsible for maintaining these services. Amazon Elastic Transcoder™ " is a video-transcoding service
provider that provides video transcoding functionality in the cloud. There are over 30 such providers today
[57]. Many of the available video-transcoding services provide the same functionality, i.e., format
conversion, but with different QoS values.

Video transcoding is a computationally-intensive operation, and due to the weaknesses of the

client- and server-based video transcoding architectures, it may not be suitable for performing the

® http://aws.amazon.com/ec2/
? http://aws.amazon.com/s3/
1 https://aws.amazon.com/elastictranscoder/
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transcoding at the client or the server sides. Therefore, the cloud-based video transcoding architecture is the
best solution for the successful distribution of video content and the most commonly used these days [56].

In the cloud-based video transcoding approach, the client's request might not be satisfied using one

transcoding service. Hence, two or more transcoding services are composed. For example, to transcode
MPEG-2 to H.264 where there is no direct conversion from MPEG-2 to H.264, the original video could
first be transcoded from MPEG-2 into one or more intermediate formats, e.g., to MPEG-3, before
converting into the required format using one transcoding function, then the output could be transcoded
using another transcoding function, to obtain the H.264 format. This composition approach helps in [22]:

e  Satisfying more complicated transcoding requests even with a limited number of available
transcoding functions.

e  Generating a final transcoded content that would be exactly the same as if the transcoding
had been performed in one step.

e  Distributing the computations among different resources, which in turn generates more
powerful applications with more complex functionalities, because the functionality offered
by individual resources is limited.

o  Cloud-based video transcoding approach has a number of advantages, such as [18] [58]:

e  Providing a clear separation between video content creation and content transcoding.

o  Allowing the computation to be distributed among different computation resources in the
cloud.

e  Improving the opportunity for composing multiple transcoding functions.

e  Improving the client-perceived latency and reduces overall end-to-end response time.

e  Scaling the transcoding properly with the number of clients.

A.3.Video Codecs

A video format is the structure of the video’s image and audio data. Some popular formats are
H.264, MPEG-4 part 2, FLV, MJPEG (Motion JPEG), WMV, and DivX, but there are over 20 in common

use today [3]. A video codec is a piece of software that can encode video data into a particular format and
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decode a video from that format. A codec’s name is often used as a label or synonym for the format it
encodes and decodes.

The format of the compressed data usually follows some video-compression specifications or
standards. If the compression is lossy, a lower quality than the original is generated as a consequence of
this compression phase. However, the available video codecs have different quality loss. The next sub-

sections will describe the ones that are used in this research.

A3.1. H.264

H.264 or MPEG-4 Part 10, Advanced Video Coding (MPEG-4 AVC) [59] is currently one of the
most commonly used video codecs for recording, compression, and transmission of video content [59].
H.264/AVC developed by the International Telecommunications Union, Video Coding Experts Group
(VCEQG), and Moving Picture Experts Group (MPEG). It is widely used in the HTMLS5 Internet standard.
Microsoft® supports H.264 in Internet Explorer 9 browsers, and Google® announced that they will support
it in Google Chrome™ browser [59].

H.264 uses the Real Time Transport Protocol (RTTP) as a transport protocol. It has a wide range
of multimedia applications over heterogeneous network and it is suitable for high-quality video streaming
at lower data rate, especially in the limited wireless communication environments and devices [18]. The
standardization of the first version of H.264/AVC was completed and approved in 2003 [59]. H.264
compresses video much more efficiently than other video codecs and contains a number of new features

that provide more flexibility for applications and a wide variety of network environments [59].

A.3.2. MPEG-4 Part 2

MPEG-4 Part 2, or MPEG-4 for convenience, was introduced in late 1998 and designated as
a standard for a group of audio and video coding formats. The ISO/IEC Moving Picture Experts
Group (MPEG) (ISO/IEC JTC1/SC29/ WG11) agreed upon MPEG-4 under the formal standard ISO/IEC
14496 — Coding of audio-visual objects [60].

MPEG-4 is used for AV compression for web and wireless media streaming, voice and television

applications, and applications that facilitate integrating different media content coming from different


http://www.itu.int/en/pages/default.aspx
https://en.wikipedia.org/wiki/Video_Coding_Experts_Group
http://www.iso.org/iso/prods-services/popstds/mpeg.html
https://en.wikipedia.org/wiki/HTML5
https://en.wikipedia.org/wiki/Standardization
https://en.wikipedia.org/wiki/Sound
https://en.wikipedia.org/wiki/Video_coding
https://en.wikipedia.org/wiki/International_Organization_for_Standardization
https://en.wikipedia.org/wiki/International_Electrotechnical_Commission
https://en.wikipedia.org/wiki/Moving_Picture_Experts_Group
https://en.wikipedia.org/wiki/Moving_Picture_Experts_Group
https://en.wikipedia.org/wiki/ISO/IEC_JTC1
https://en.wikipedia.org/wiki/Streaming_media
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channels to the same multimedia scene, such as video conferencing. It preserves a compatibility with major
existing video codecs, such as: MPEG-1, MPEG-2, and ITU-T H.263.

MPEG-4 adds more features, such as: a) supporting different types of media content (2D and 3D);
b) coding at different levels of quality; ¢) adapting media content to different environments and

bandwidths; and d) adding protection and intellectual property to the original media content [61].

A.3.3. FLV

FLV is a Flash Video [62], which represents a video codec and a container format. It is used to
deliver video content over the Internet using Adobe Flash Player” version 6 and newer. It usually contains
material encoded with codecs following the Sorenson Spark, Sorenson H.263, ITU-T H.263, or VP6 video
compression formats [5]. Sorenson Spark is the first video codec supported in Flash Player. In this research,
I used Sorenson H.263 as FLV video codec supported by Xuggler® and FFmpeg® with some flash
extensions.

Flash Video is the standard for web-based video streaming over Real Time Messaging Protocol
(RTMP). YouTube®, Hulu®, Yahoo!®™ and many other news providers support Flash Video. Most of the
operating systems support Flash Video via the Adobe Flash Player™ and Web browser plug-ins or via one

of several third-party programs [5].


https://en.wikipedia.org/wiki/Video
https://en.wikipedia.org/wiki/Adobe_Flash_Player
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APPENDIX B

VIDEO QUALITY ASSESSMENTS

This appendix describes the video quality assessment techniques classified into objective and
subjective [5]. In addition, it briefly describes the three objective quality assessment metrics that I used

through this research.

B.1. Video Quality Assessment

Typically, digital videos pass through several processing phases before they reach to the end-
users, who are most often human observers. These processing phases mostly degrade the quality of the
video that pass through it. Although some of them (for example, in the end-user devices) attempt to
improve the quality.

One of the fundamental video processing phases is the transcoding phase. This phase affects the
quality of the perceived video and introduces degradation. This affect comes from the asymmetry between
the values of the transcoding parameters at both the decoder and encoder sides.

Generally, evaluating video quality plays an important role in maintaining the QoS requirements,
evaluating the performance of digital video processing and transmission systems, improving the
configuration parameters for video compression, and finally designing optimal video management systems.

Humans can judge the quality of an image or video by using prior knowledge derived from
viewing millions of time-varying daily basis images and videos [5]. Human Visual System (HVS) is used
by image and video processing experts to deal with biological and psychological vision processes that are
not yet fully understood [63]. However, it is used as the ultimate standard to evaluate and assess Image
Quality Assessment (IQA) and Video Quality Assessment (VQA) algorithms that are developed and in

progress. Algorithms and techniques for VQA can be classified into two types, objective and subjective [5].

B.2. Objective Quality Techniques

Objective evaluation techniques are mathematical models that approximate expert judgments.

Since they are mathematical models, a computer program can automatically calculate them. The robustness
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of any proposed objective quality assessment metric can be determined by testing it with respect to a
variety of video content and metrics, and then measuring the degree of correlation and consistency with the
subjective results by using the following two common metrics: PCC and RMSE [33]. These objective
evaluation techniques are classified based on the amount of information available about the original and the

distorted signals into the following:

B.2.1. Full Reference (FR) Methods

To compute the quality of the perceived video using the FR metrics, the original and the distorted,
e.g., transcoded, video signals should be available. This calculation can be done by computing the
difference between the original video signals against the distorted video signals. Typically, every pixel
from the source is compared against the corresponding pixel at the distorted video, which leads to a frame-
by-frame comparison.

In spite of the higher expenses of the computational effort using the FR metrics, they are usually
the most accurate [5]. Developing a general full-reference VQA algorithm that works across a range of
distortion types requires two assumptions a) the reference video is a perfect and distortion free, b) each test

video is a distorted version from the reference one [5].

B.2.2. Reduced Reference (RR) Methods

The RR metrics are used when some reduced information about the original and distorted video
signals is available. RR can be done by extracting some features from both videos and compare them to
give a quality score. RR is more efficient than FR metrics due to the practicality of their assumptions [5]. I

considered the VTOM as a RR model.

B.2.3. No-Reference (NR) Methods

When the original video signal is absent or it is impossible to practically provide it, the NR
metrics try to assess the quality of a distorted video without any reference to the original signal. The NR

metrics may be less accurate than FR or RR approaches, but are more efficient to compute [5].
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B.3. Subjective Quality Techniques

Subjective evaluation techniques, on the other hand, require expert judgments. These techniques
are the only reliable methods to evaluate video quality [64] by asking the human subjects for their opinion
on the quality of a video that is perceived by HVS. For subjective video quality methods, there are a set of
procedures that are described in ITU-R recommendation BT.500 [65] and ITU-T recommendation P.910
[66] that might vary depending on what kind of system that will be tested.

These subjective methods are crucial for evaluating the performance of objective methods. The
results of the objective methods are usually compared for the degree of correlation and consistency with the
results of the perceptual quality measures that are obtained from the subjective methods [33].

The main idea for the subjective methods is allowing a group of viewers to watch videos and then
their opinions are recorded and averaged by calculating the MOS or Difference Mean Opinion Score
(DMOS) to evaluate the quality of each video [5].

Subjective studies enable the performance of the objective methods and algorithms to be improved
to achieve the ultimate goal of matching the human perception [64]. The best way to evaluate the
performance of any video quality model is usually done by calculating the correlation between the model
results and the results obtained with subject tests [8]. However, subjective studies are cumbersome, time
consuming, expensive, difficult to implement, have to be undertaken manually, and impractical for most
applications due to the human involvement in the evaluation process.

To evaluate the performance of a video quality model, different sets of parameters should be
considered. These sets include bit rate, frame rate, frame size, video content, and transmission artifact
during packet loss. Therefore, very large subjective tests should be performed [8]. For example, using only
5 video clips that are encoded using 5 different video codecs, at 5 different bit rates, with 5 different frame
rates, and 5 different frame sizes (display size), will results in 5° = 3125 videos.

Subjective evaluation sessions have some limitations, such as a) typically, no more than 30 videos
can be presented at the same subjective session with no more than a one-hour session duration [8], and b) at
least 15 subjects are needed for each video to obtain an appropriate confidence in the statistical results [67].

So, around 1562 subjective evaluation sessions should be performed to cover all the above 3125 videos.
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Because of the above limitations for subjective evaluation methods, I decided to use objective
evaluation methods to evaluate the quality of the transcoded videos generated from the above exploring and
modeling phases. I used the following three Full-Reference (FR) metrics: PSNR [11], VSSIM [12], and

MS-SSIM [9], which will be described in more detail in the next sections.

B.4. Peak Signal-to-Noise Ratio (PSNR)

PSNR [11] uses MSE [6] to calculate the spatial distortion. They are widely used because they are
very simple to calculate, have a clear physical meaning, and are mathematically convenient in the context
of optimization [64]. MSE is computed by averaging the square intensity difference of original, i.e.,

reference, and distorted, e.g., transcoded, image pixels as follows:
1 — — PR P
MSE = —¥iZ5' XU (L) — K@) (B.D)
where I and K are the original and the distorted images, respectively. The width and height of the image is

represented by m and n, respectively. PSNR is computed as follows [11]:

2
PSNR =10 log;o(=o-)  (B.2)

where MAX; is the maximum possible pixel value of the image I, when the pixels are represented using 8
bits per sample, this is 255. Typical values for the PSNR in lossy image and video compression are
between 30 and 50 dB, when the bit depth is 8 bits, where higher is better [11]. In spite of their widely
used, they are not very well matched to the perceived visual quality [33].

To calculate the PSNR between two videos, I used the average of the PSNR values for all the

frame-by-frame comparisons between the original and distorted videos.

B.5. Structural Similarity (SSIM)

SSIM metric is introduced by Wang et al. [12] and motivated based on the assumption that the
HVS is highly adaptable for extracting structural information and its sensitivity to the structural distortion.
This structural distortion is used to estimate the perceptual distortion for still images.

The structure of the objects in the image is independent of the illumination. However, it is hard to

separate the structure of the image from the illumination influence. Wang et al. [12] defined the structural
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information of the image as a local luminance and contrast that represent the structure of the objects in the
scene [12]. In order to calculate the luminance, [(x, y), between two non-negative discrete image signals x

and y, Wang et al. [12] used the mean intensity, u,, as follows:
1
Uy = ﬁzlivzlxi (BS)

_ 2puxpy +Cy
l(xl Y) - 2 2
Hx® + py“+ Cq

(B.4)
where C;is a constant included to avoid instability when p,% + uyz (the denominator) is very close to zero
and defined as C; = (K;L)? where L is the dynamic range of the pixel values (255 for 8-bit grayscale
images) and K; is a small constant K; <« 1.

In order to calculate the contrast, c(x,y), Wang et al. [12] used the standard deviation (the square
root of variance) as an estimate of the signal contrast, g, as follows [68]:

0y = [=TI (x4 — 1) 4% (B.S)

20x0y+Cy

c(x,y) = (B.6)

where C, is a constant and defined as C, = (K,L)? and K, < 1.
In order to calculate the structural similarity, s(x,y), Wang et al. [12] used the correlation
coefficient, g,,, between x and y as follows [68]:

Oxy = ﬁzli\]:l(xi - .ux)(yi - Hy) B.7)

ny+ C3

s(x,y) = (B.8)

Ox0y+ C3
Finally, Wang et al. [12] combined the luminance, contrast, and structural components together
and name the resulting similarity measure the Structural Similarity (SSIM) index between signals x and y
as follows:
SSIM(x,y) = [(LCe, W] [(cCe TP [s(x, )] (B.9)
where a > 0, § > 0, and y > 0 are parameters used to adjust the relative important of the above three
components. To simplify the above expression, they set @ = f =y = 1 and C3 = C,/2. The above index

can be re-written as follows:



118

(2t 1y +C1) 20xy+C2)
(ux? +ﬂy2+61)(ﬂx2+0'y2+cz)

SSIM(x,y) =

(B.10)

To calculate the overall SSIM for the entire image, Wang et al. [12] used the mean SSIM for all

the windows in the two image signals as follows:
MSSIM(x,y) = - %M, SSIM(x;, 7)) (B.11)
where x; and y; are the image contents at the i*" local window, and M is the number of local windows in

the image. To calculate the SSIM between two videos, the average of the MSSIM (x, y) values for all the

frame-by-frame comparisons between the original and distorted videos are calculated as follows:
VSSIM(x,y) = ~ X1, MSSIM (x;, ) (B.12)

where x and y are the original and distorted videos, n represents the total number of frames.

B.6. Multi-Scale Structural Similarity (MS-SSIM)

Multi-scale structural similarity [9] is an extension of SSIM paradigm and, with other metrics,
results in a high correlation with perceived video quality [33]. MS-SSIM was developed by Zhou Wang et
al. [9] based on the assumption that a single-scale method may be appropriate for specific settings for
subjective evaluation. The perceivability of image details depends on a) the sampling density of the image
signal, b) the distance of the image plan to the observer, and ¢) the perceptual capability of the observer's
visual system [9]. MS-SSIM is a convenient way to incorporate image details at different resolutions [9].

MS-SSIM is a full-reference image quality metric where the reference and the distorted images are
applied as input, and then iteratively applies low pass filter and down-samples the filtered images by a
factor of 2. This process iterates M — 1 iterations starting at the original images as scale 1 till scale M,
which is obtained after M-1 iterations. At each scale, the contrast components c(x, y), and the structure
components s(x,y) between the reference image x and the distorted image y are calculated using (B.6) and
(B.8) equations (refer to s and ¢ above in the SSIM metric), respectively. While the luminance component
is calculated only at scale M, to produce the overall MS-SSIM using equation (B.13). The overall process is

depicted in Figure B.1.

MSSSIM (x,y) = [y (6, MM T4 [e; o 1P [s;(x, )7 (B.13)
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To calculate the MS-SSIM between two videos, I used the average of the MSSSIM values for all
the frame-by-frame comparisons between the original and distorted videos as follows:
1
MS — SSIM(x,y) = - L MSSSIM (x;,y;)  (B.14)

where x and y are the original and distorted videos, n represents the total number of frames.
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Figure B.1. Multi-scale structural similarity (MS-SSIM) measurement system. L: low-pass filtering; 2
v: down-sampling by 2 [9].
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APPENDIX C
NAMING SCHEMAS AND EXPLORING THE IMPACT OF
VIDEO TRANSCODING ON OBJECTIVE

VIDEO QUALTY

C.1. Naming Scheme for the Encoded Videos

videos, where S represents a sequence number, A represents a video source name and number, B represents
a video codec, C represents a bit rate, D represents a frame rate, and E represents a frame size. For
example, "2 IN vqgeghdl csrcl11 _H.264 4000kbps 29.97 1920x1080.mp4" indicates that the original,
raw, uncompressed video is "vqeghdl csrc11", which is used to generate a new video that is encoded using
the H.264 codec at 4000 kbps as a bit rate, at 29.97 fps as a frame rate, and at 1920x1080 as a frame size.

I used mp4 as a file container for the H.264 and MPEG-4 codecs, and the flv as a file container for
the FLV codec. Table C.1 shows samples of these names.

I grouped the encoded videos based on both the original video and codec used in video encoding. I
used the following naming scheme to name the group: "vgeghdl X Y", where X represents a video source
name and number, and Y represents a codec. For example, vqgeghdl src03_MPEG4 is the group that con-
tains a set of encoded videos that are generated by encoding the "vqeghdl src03" original video using the
MPEG-4 codec at different values of bit rates. Figure C.1 shows examples of both the group names and

some encoded videos.

Table C.1. Samples of some of the encoded videos' names.

7 IN vqgeghdl csrcll H.264 20000kbps 29.97 1920x1080.mp4

6 IN vqeghdl csrel4 FLV_15000kbps 29.97 1920x1080.flv

4 IN vqeghdl src0l MPEG4 8002kbps 29.97 1920x1080.mp4
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C.2. Naming Scheme for the Frame Rate Transcoding

videos, where S represents a sequence number, A represents a video source name and number, B represents
a codec, C represents a bit rate, D represents a frame rate, and E represents a frame size. Figure C.2 shows
the grouping scheme of the encoded and transcoded videos that I used for exploring and modeling the
impact of reducing the frame rate on objective video quality.

For example, "1 IN vqgeghdl csrcl1 FLV_2000kbps 2997fps 1920x1080.flv" represents the
input encoded video, while "1 _OUT _vqeghdl csrcl1 FLV_2000kbps 25fps 1920x1080.flv" represents
its corresponding transcoded video by reducing the frame rate from 29.97 fps to 25 fps using the FLV

codec at 2000Kbps as a bit rate, and at 1920x1080 as a frame size.

Figure C.1. The naming scheme for the encoded videos used for exploring the impact of video encoding
on objective video quality.
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Figure C.2. The naming scheme for the encoded and transcoded videos used for exploring and modeling
the impact of reducing the frame rate on objective video quality.

C.3. Naming Scheme for the Frame Size Transcoding

videos, where S represents a sequence number, A represents a video source name and number, B represents
a codec, C represents a bit rate, D represents a frame rate, and E represents a frame size. Figure C.3 shows
the grouping structure of the encoded and transcoded videos that I used for exploring the impact of
reducing the frame size on objective video quality.

For example, "1 _IN vqgeghdl csrcll FLV_ 2000kbps 2997fps_1920x1080.fIv" represents the
input encoded video, while "1 _OUT vqgeghdl csrcl1 FLV_2000kbps 29.97fps 1440x900.flv" represents
its corresponding transcoded video by reducing the frame size from 1920x1080 to 1440x900 using the FLV

codec at 2000Kbps as a bit rate, and at 29.97 as a frame rate.
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Figure C.3. The naming scheme for the encoded and transcoded videos used for exploring and modeling
the impact of reducing the frame size on objective video quality.

C.4. Naming Scheme for the Bit rate Transcoding

videos, where S represent a sequence number, A represents a video source name and number, B represents
a codec, C represents a bit rate, D represents a frame rate, and E represents a frame size. Figure C.4 shows
the grouping structure of the encoded and transcoded videos that I used for exploring and modeling the
impact of reducing the bit rate on objective video quality.

For example, "2 IN vqgeghdl csrcl1 _H.264 8000kbps 2997fps 1920x1080.mp4" represents the
input encoded video, while "2 OUT vqeghdl csrcl1 H.264 4000kbps 29.97fps 1920x1080.mp4"
represents its corresponding transcoded video by reducing the bit rate 50% from the encoded bit rate using

the H.264 codec at 29.97 fps as a frame rate and at 1920x1080 as a frame size.
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Figure C.4. The naming scheme for the encoded and transcoded videos used for exploring the impact of
reducing the bit rate on objective video quality.

C.5. Video Quality Results for Changing the Video Codec

Table C.2 shows the video quality evaluation results for exploring the impact of changing the
codec on objective video quality. It shows that the conversion from FLV to MPEG-4 achieves the highest
quality in terms of PSNR, VSSIM, and MS-SSIM when the bit rate is higher than 15 Mbps. The
transcoding from H.264 to MPEG-4 and the transcoding from MPEG-4 to H.264 achieve the highest

quality when the bit rate is lower than 15 Mbps.

C.6. Video Quality Results for Reducing the Frame Rate

Figure C.5 shows the video quality evaluation results for the frame rate reductions from 29.97 fps

to 25 fps, 20 fps, and 15 fps in terms of PSNR, VSSIM, and MS-SSIM for the H.264 codec. Figure C.5(a)



shows that the quality is generally increased in terms of PSNR when the bit rate is increased.

Table C.2. Video quality evaluation results for the video codec conversions.
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(a) From FLV to H.264 (b) From FLV to MPEG-4

?ﬁ;;;‘; PSNR | VSSIM | MS-SSIM ](31\1/};123 PSNR | VSSIM | MS-SSIM
2.0 30.55 | 0.8914 | 0.9012 2.6 3238 | 09134 | 0.9000
4.0 31.86 | 0.9053 | 0.9139 4.0 3529 | 0.9468 | 0.9348
6.0 33.57 | 09245 | 0.9296 6 3725 | 09595 | 0.9497
8.0 3495 | 0.9417 | 0.9405 8.0 37.66 | 0.9625 | 0.9527
10.0 3538 | 0.9459 | 0.9440 10 3825 | 0.9638 | 0.9550
15.0 36.81 | 0.9651 | 0.9725 15 4123 | 0.9836 | 0.9844
20.0 3742 | 09752 | 0.9818 20.0 4191 | 0.9856 | 0.9865

(c) From H.264 to FLV (d) From H.264 to MPEG-4

?ﬁg’;‘g PSNR | VSSIM | MS-SSIM ](31\1/};133 PSNR | VSSIM | MS-SSIM
6.0 32.58 | 0.8977 | 09173 4.0 3453 | 09378 | 09517
8.1 33.91 | 09196 | 0.9360 6.0 3520 | 0.9445 | 09512
10.0 3492 | 09290 | 0.9479 8.1 36.19 | 09547 | 0.9618
15.0 36.64 | 09537 | 0.9647 10.0 37.00 | 09555 | 0.9669
20.0 37.60 | 0.9619 | 0.9719 15.0 3824 | 09680 | 0.9748
20.0 3885 | 09710 | 0.9779

(e) From MPEG4 to H.264 (f) From MPEG-4 to FLV

(bﬁtﬁ;t:) PSNR | VSSIM | MS-SSIM E\I/tn;;t:) PSNR | VSSIM | MS-SSIM
2.7 33.39 0.9237 0.9431 4.0 32.34 0.8961 0.9167
4.0 33.74 0.9348 0.9496 6.0 33.49 09135 0.9287
6.1 3472 | 09471 | 0.9567 8.0 3462 | 09286 | 0.9404
8.0 3552 | 09539 | 0.9615 10.0 3510 | 09357 | 0.9462
10.1 36.05 | 0.9591 | 0.9662 15.0 36.17 | 0.9503 | 0.9587
15.0 36.90 | 0.9668 | 0.9741 20.0 37.51 | 09634 | 09702

20.0 37.58 | 09703 | 0.9771
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Figure C.5. The video quality evaluation results for exploring the impact of reducing the frame rate on
objective video quality for the H.264 video codec. The reductions are from 29.97 fps to 25 fps, 20 fps,
and 15 fps. The quality results are in terms of (a) PSNR, (b) VSSIM, and (¢) MS-SSIM.

Also, Figure C.5(a) shows that the frame rate reductions from 29.97 fps to 25 fps and 20 fps
achieve better quality than the frame rate reduction from 29.97 fps to 15 fps. In addition, it shows that there
is no big difference in the quality between the frame rate reduction from 29.97 fps to 25 fps and the frame
rate reduction from 29.97 fps to 20 fps. Moreover, it shows that reducing the frame rate from 29.97 to 20
achieves better quality than reducing the frame rate from 29.97 to 25. However, the difference is very
small, especially when the bit rate is lower than 10 Mbps.

Figure C.5(b) shows that the frame rate reductions from 29.97 fps to 25 fps and 20 fps achieve
better quality in terms of VSSIM than the frame rate reduction from 29.97 fps to 15 fps. Also, it shows that

the quality is increased when the bit rate is increased. For the frame rate reduction from 29.97 fps to 15 fps,



127
there is no big improvement in the quality when the bit rate is increased. Moreover, it shows that there is no
big difference in the quality between the frame rate reduction from 29.97 fps to 25 fps and the frame rate
reduction from 29.97 fps to 20 fps.

Figure C.5(c) shows that the frame rate reductions from 29.97 fps to 25 fps and 20 fps achieve
better quality in terms of MS-SSIM than the frame rate reduction from 29.97 fps to 15 fps. Also, it shows
that the frame rate reduction from 29.97 fps to 25 fps and the frame rate reduction from 29.97 fps to 20 fps
have close quality results when the value of the bit rate is lower than 10 Mbps; after that, there is a
noticeable difference in the quality.

Figure C.6 shows the video quality evaluation results for the frame rate reductions from 29.97 fps
to 25 fps, 20 fps, and 15 fps in terms of PSNR, VSSIM, and MS-SSIM for the MPEG-4 codec. Figure
C.6(a) shows that for the frame rate reduction from 29.97 fps to 25 fps, the quality is increased in terms of
PSNR when the bit rate is increased. For the frame rate reductions from 29.97 fps to 20 fps and 15 fps,
there is almost no improvement in the quality when the bit rate is increased. In addition, it shows that the
frame rate reduction from 29.97 fps to 25 fps achieves better quality than the frame rate reductions from
29.97 fps to 20 fps and 15 fps. Moreover, it shows that there is no big difference in the quality between the
frame rate reduction from 29.97 fps to 20 fps and the frame rate reduction from 29.97 fps to 15 fps. Also,
there is a noticeable difference in the quality between the frame rate reduction from 29.97 fps to 25 fps and
the frame rate reductions from 29.97 fps to 20 fps and 15 fps when the bit rate is higher than 15 Mbps.

Figure C.6(b) shows that the frame rate reduction from 29.97 fps to 25 fps achieves better quality
in terms of VSSIM than the frame rate reductions from 29.97 fps to 20 fps and 15 fps. Also, it shows that
the quality is increased by a small amount when the bit rate is increased for the frame rate reduction from
29.97 fps to 25 fps. For the frame rate reduction from 29.97 fps to 20 fps, there is no big improvement in
the quality when the bit rate is increased. For the frame rate reduction from 29.97 fps to 15 fps, the quality
is slightly decreased when the bit rate is increased. In addition, it shows that there is a noticeable difference
in the quality between the frame rate reduction from 29.97 fps to 20 fps and the frame rate reduction from

29.97 fps to 15 fps.
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Figure C.6. The video quality evaluation results for exploring the impact of reducing the frame rate on
objective video quality for the MPEG-4 video codec. The reductions are from 29.97 fps to 25 fps, 20
fps, and 15 fps. The quality results are in terms of (a) PSNR, (b) VSSIM, and (c) MS-SSIM.

Figure C.6(c) shows that the frame rate reduction from 29.97 fps to 25 fps achieves better video

quality in terms of MS-SSIM than the frame rate reductions from 29.97 fps to 20 fps and 15 fps. Also, it

shows that the quality is increased by a small amount when the bit rate is increased for the frame rate

reduction from 29.97 fps to 25 fps and the frame rate reduction from 29.97 fps to 20 fps.

For the frame rate reduction from 29.97 fps to 15 fps, there is no big improvement in the quality in

terms of MS-SSIM when the bit rate is increased within the range from 6 to 15 Mbps. There is a noticeable

improvement in the quality when the bit rate is increased at values that are higher than 15 Mbps. In

addition, for the frame rate reduction from 29.97 fps to 15 fps, the quality is decreased when the bit rate is
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increased within the range from 4 to 6 Mbps, and the quality is increased when the bit rate is increased
within the range from 2 to 4 Mbps.

Figure C.7 shows the video quality results for the frame rate reductions from 29.97 fps to 25 fps,
20 fps, and 15 fps in terms of PSNR, VSSIM, and MS-SSIM for the FLV codec. Figure C.7(a) shows that
the quality is increased in terms of PSNR when the bit rate is increased for all the frame rate reductions,
i.e., from 29.97 fps to 25 fps, from 29.97 fps to 20 fps, and from 29.97 fps to 25 fps. In addition, it shows
that the frame rate reduction from 29.97 fps to 20 fps achieves better quality than the frame rate reduction
from 29.97 fps to 25 fps, and the frame rate reduction from 29.97 fps to 25 fps achieves better quality than
the frame rate reduction from 29.97 fps to 15 fps. Moreover, it shows that there is no big difference in the
quality between the frame rate reduction from 29.97 fps to 25 fps and the frame rate reduction from 29.97
fps to 20 fps.

Figure C.7(b) shows that the frame rate reduction from 29.97 fps to 20 fps achieves better quality
in terms of VSSIM than the frame rate reduction from 29.97 fps to 25 fps and the frame rate reduction from
29.97 fps to 15 fps. Also, it shows that the quality is increased when the bit rate is increased for the frame
rate reduction from 29.97 fps to 25 fps and for the frame rate reduction from 29.97 fps to 20 fps. For the
frame rate reduction from 29.97 fps to 15 fps, it shows that the quality is increased when the bit rate is
increased within the range from 2 to 6 Mbps and from 15 to 20 Mbps, and the quality is decreased when the
bit rate is increased within the range from 6 to 15 Mbps. In addition, it shows that there is no big difference
in the quality between the frame rate reduction from 29.97 fps to 20 fps and the frame rate reduction from
29.97 fps to 25 fps. Moreover, it shows that there is a noticeable difference in the quality between the frame
rate reductions from 29.97 fps to 20 fps and 25 fps, and the frame rate reduction from 29.97 fps to 15 fps.

Figure C.7(c) shows that the quality is increased in terms of MS-SSIM when the bit rate is
increased for all the frame rate reductions, i.e., from 29.97 fps to 25 fps, from 29.97 fps to 20 fps, and from
29.97 fps to 15 fps. Also, it shows that the frame rate reductions from 29.97 fps to 25 fps and to 20 fps
achieve better quality than the frame rate reduction from 29.97 fps to 15 fps. In addition, it shows that there
is almost no difference in the quality between the frame rate reduction from 29.97 fps to 20 fps and the

frame rate reduction from 29.97 fps to 25 fps. Moreover, it shows that there is no big difference in the
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quality for the frame rate reduction from 29.97 fps to 15 fps when the bit rate is increased within the range

from 6 to 15 Mbps.
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Figure C.7. The video quality evaluation results for exploring the impact of reducing the frame rate on
objective video quality for the FLV video codec. The reductions are from 29.97 fps to 25 fps, 20 fps,
and 15 fps. The quality results are in terms of (a) PSNR, (b) VSSIM, and (c) MS-SSIM.

C.7. Video Quality Results for Reducing the Frame Size

Figure C.8 shows the video quality evaluation results of the frame size reductions from 1920x1080
to 1440x900, 1280x720, and 640x480 in terms of PSNR, VSSIM, and MS-SSIM using the H.264 codec.
Figure C.8(a) shows that the frame size reduction from 1920x1080 to 640x480 achieves the lowest quality

in terms of PSNR. Also, it shows that the frame size reduction from 1920x1080 to 1440x900 achieves the
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highest quality when the bit rate is lower than 15 Mbps. At higher bit rates, the frame size reductions from
1920x1080 to 1440x900 and from 1920x1080 to 1280x720 achieve almost the same quality results.

Figure C.8(b) shows different video quality results than Figure C.8(a); it shows that the frame size
reduction from 1920x1080 to 640x480 achieves the highest quality results in terms of VSSIM when the bit
rate is lower than 15 Mbps. At higher bit rates, the frame size reduction from 1920x1080 to 1280x720
achieves the highest quality results. In addition, it shows that the frame size reduction from 1920x1080 to
1440x900 achieves the lowest quality results when the bit rate is greater than 6 Mbps. Figure C.8(c) shows

almost the same trend and values of the quality results as Figure C.8(b), but in terms of MS-SSIM.
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Figure C.8. The video quality evaluation results for exploring the impact of reducing the frame size on
objective video quality for the H.264 video codec. The reductions are from 1920x1080 to 1440x900,
1280x720, and 640x480. The quality results are in terms of (a) PSNR, (b) VSSIM, and (c) MS-SSIM.
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Figure C.9 shows the quality results for the frame size reductions from 1920x1080 to 1440x900,
1280x720, and 640x480 in terms of PSNR, VSSIM, and MS-SSIM for the MPEG-4 codec. Figure C.9(a)
shows that the frame size reduction from 1920x1080 to 1280x720 achieves the highest quality results in
terms of PSNR. The second highest quality results are for the frame size reduction from 1920x1080 to
1440x900. In addition, it shows that the frame size reduction from 1920x1080 to 640x480 achieves the

lowest quality results.
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Figure C.9. The video quality evaluation results for exploring the impact of reducing the frame size on
objective video quality for the MPEG-4 video codec. The reductions are from 1920x1080 to 1440x900,
1280x720, and 640x480. The quality results are in terms of (a) PSNR, (b) SSIM, and (¢) MS-SSIM.
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Figures C.9(b) and (c) show smooth increased curves in the quality in terms of VSSIM and MS-
SSIM, respectively, when the bit rate is increased. They show that the video frame size reductions from
1920x1080 to 640x480, from 1920x1080 to 1280x720, and from 1920x1080 to 1440x900 achieve the first,
second, and third highest quality results, respectively, in terms of VSSIM and MS-SSIM when the bit rate
is lower than 13 Mbps. When the bit rate is higher than 13 Mbps, all the above frame rate reductions have
very close quality results.

Figure C.10 shows the quality results for the frame size reductions from 1920x1080 to 1440x900,
1280x720, and 640x480 in terms of PSNR, VSSIM, and MS-SSIM for the FLV codec. Figure C.10(a)
shows that the frame size reductions from 1920x1080 to 1280x720 and from 1920x1080 to 1440x900
achieve the highest and almost the same quality results in terms of PSNR when the bit rate is higher than 6
Mbps. Also, it shows that the video frame size reduction from 1920x1080 to 640x480 achieves the lowest
quality when the bit rate is greater than 6 Mbps. In addition, it shows that there is no gap between all the
video frame size reductions when the bit rate is less than 6 Mbps.

Figures C.10(b) and (c) show that the quality in terms of VSSIM and MS-SSIM, respectively, is
increased when the bit rate is increased. Also, they show that the frame size reduction from 1920x1080 to
640x480 achieves the highest quality when the bit rate is lower than 15 Mbps. Moreover, the frame size
reductions from 1920x1080 to 1280x720 and from 1920x1080 to 1440x900 have close results when the bit
rate is lower than 15 Mbps. All of the above frame size reductions have close quality results when the bit

rate is higher than 15 Mbps.

C.8. Video Quality Results for Reducing the Bit Rate

Figures C.11, C.12, and C.13 show the video quality evaluation results for the three bit rate
reductions, i.e., 30%, 40%, and 50%, in terms of PSNR, VSSIM, and MS-SSIM for the H.264, MPEG-4,

and FLV codecs, respectively.
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Figure C.10. The video quality evaluation results for exploring the impact of reducing the frame size on
objective video quality for the FLV video codec. The reductions are from 1920x1080 to 1440x900,
1280x720, and 640x480. The quality results are in terms of (a) PSNR, (b) VSSIM, and (c) MS-SSIM.

As expected, these figures show that the 30% reduction in the bit rate achieves the highest quality

results in terms of PSNR, VSSIM, and MS-SSIM. The second and third highest video qualities are

achieved at 40% and 50% bit rate reductions from the original bit rate.

Also, they show that the difference in the quality results between the 30% and 40% reductions in

the bit rate is almost the same as the difference in the quality results between the 40% and 50% reductions

in the bit rate from the original bit rate.

Figure C.11 shows that the quality evaluation results are improved in a bigger amount when the bit

rate ranges from 6 to 10 Mbps. For the bit rates that are range from 10 to 20 Mbps, the improvement is
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small. In addition, it shows that all the reductions in the bit rate have almost the same trend. Moreover, it
shows that the H.264 codec can reduce the bit rate to 50% from the original bit rate when the original bit
rate is at 6 Mbps.

Figure C.12 shows that the MPEG-4 codec is unable to reduce the bit rate for some of the original
videos more than 50% when the bit rate of the original videos is less than 8 Mbps.
Figure C.13 shows that the FLV codec is able to reduce the bit rate for all the original videos at

50% reduction percentage from the original bit rate.

40 0.98
39 | 097
38 | 097
[ 0.96
6T —o—30p 0.95 | —m—40p
35 —#—40p 095 k —a—50p
=& 50p
34 1 1 1 1 1 1 1 1 0794 1 1 1 1 1 1 1 1
4 6 8 10 12 14 16 18 20 22 4 6 8 10 12 14 16 18 20 22
Video bit rate for the original video sequences Video bit rate of the original video sequences
(Mbps) - H.264 (Mbps) - H.264
(a) PSNR (b) VSSIM
0.99
098
098
% 097
X
(éﬁ 097 o— 30p
0.96 —#— 40p
0.96 —+—50p
0.95 1 1 1 1 1 1 1 1

4 6 8 10 12 14 16 18 20 22

Video bit rate of the original video sequences
(Mbps) - H.264

(c) MS-SSIM

Figure C.11. The video quality evaluation results for exploring the impact of reducing the bit rate on
objective video quality for the H.264 video codec. The reduction percentages are 30%, 40%, and 50%
from the original bit rate. The quality results are in terms of (a) PSNR, (b) VSSIM, and (c) MS-SSIM.
(For clarification, p means %.)
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Figure C.13(a) shows that there is a small decrease in the quality when the value of the bit rate is
increased within the range from 8 to 10 Mbps. Figures C.13(b) and (c) show that there is a small

improvement in the quality when the value of the bit rate is increased within the same range, i.e., from 8 to

10 Mbps.
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Figure C.12. Video quality evaluation results for exploring the impact of reducing the bit rate on
objective video quality for the MPEG-4 video codec. The reduction percentages are 30%, 40%, and
50% from the original bit rate. The quality results are in terms of (a) PSNR, (b) VSSIM, and (c) MS-
SSIM. (For clarification, p means %.)
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APPENDIX D

QUALITY AND ERROR SUB-MODELS

D.1. Modeling the Impact of Changing the Video Codec

This section describes the rest of the quality sub-models that assess the impact of changing the
codec on objective quality in video transcoding. These models are a) from H.264 to FLV, b) from MPEG-4

to H.264, ¢) from MPEG-4 to FLV, d) from FLV to H.264, and ¢) from FLV to MPEG-4.

D.1.1. From H.264 to FLV Transcoding
I modeled the quality of the transcoded video, generated by changing the codec from H.264 to

FLV, on objective quality at a given bit rate, br, as follows:

. log,(br+5.07627)
Y. qualltdezs‘l,’FLV(x.C.bT),X =1-(0.008519 + (elogz(br+23.858446)*br0,304657)) (D.1)

where x and y are the original and transcoded videos, respectively. The codec for video x is H.264 and for

video y is FLV.

D.1.2. From MPEG-4 to H.264 Transcoding
I modeled the quality of the transcoded video, generated by changing the codec from MPEG-4 to

H.264, on objective quality at a given bit rate, br, as follows:

. log, (br+0.8756)
Y- qUality oy prcy preaecorx = 1 — (0.0128 + (eZOQZ(bT*i-S‘“)+(br*4_3463))) (D.2)

where x and y are the original and transcoded videos, respectively. The codec for video x is MPEG-4 and

for video y is H.264.

D.1.3. From MPEG-4 to FLV Transcoding

I modeled the quality of the transcoded video, generated by changing the codec from MPEG-4 to

FLV, on objective quality at a given bit rate, br, as follows:

log,(br+11.16775) ))

Y qualityaMPEm,FLV(x-C-br),x =1-(0.0129 + ( ((logz (br+13.1737))~0-13548) 01092 (br+11.04114) (D.3)
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where x and y are the original and transcoded videos, respectively. The codec for video x is MPEG-4 and

for video y is FLV.

D.1.4. From FLV to H.264 Transcoding

I modeled the quality of the transcoded video, generated by changing the codec from FLV to
H.264, on objective quality at a given bit rate, br, as follows:

Y. qUAlitY oy, oo aGecorx = (—0.0001 + (br72)) + (0.0078 = br) + 0.8858)  (D.4)

where x and y are the original and transcoded videos, respectively. The codec for video x is FLV and for

video y is H.264.

D.1.5. From FLV to MPEG-4 Transcoding
I modeled the quality of the transcoded video, generated by changing the codec from FLV to
MPEG-4, on objective quality at a given bit rate, br, as follows:

. _ (In (br))17506
y-qualityop, , yppestrebr)x = 1 —(0.0106 + ( (elogz(br*3-4527>*J(br+2.3342)))) (D.5)

where x and y are the original and transcoded videos, respectively. The codec for video x is FLV and for
video y is MPEG-4.

The values of all the above quality sub-models, i.e., functions, range from 0 to 1, the higher the
value, the better the quality. To test changing the codec in the above sub-models, I performed steps similar
to those described in Chapter 6. The total number of encoded videos generated from each encoding process
for each codec conversion is 28. During this transcoding, I kept the bit rate, frame rate, and frame size the
same as in the original video. The only thing that I changed in this transcoding was the codec. The total
number of transcoded videos generated from each transcoding for each codec conversion is 28. I calculated
the reference values by following the same steps described in Chapter 4.

Figure 6.1 in Chapter 6 shows the quality evaluation results for modeling the impact of changing
the codec on objective video quality for each video in the testing set and the reference values that represent
the average of the actual quality values for all videos used in the training set in terms of MS-SSIM. Also, it

shows the model results. Figure 6.1 shows high correlations between the predicted quality values generated
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from these sub-models and the reference quality values. It also shows high correlations between the
predicted quality results generated from these sub-models and the quality results generated from using MS-
SSIM for each video in the testing set. Table 6.1 in Chapter 6 shows high PCC values between the
predicted quality values generated from the proposed sub-models and the actual quality values generated

from using MS-SSIM for each video in the testing set. It also shows low RMSE values.

D.2. Modeling the Impact of Reducing the Bit Rate
This section describes the rest of the quality sub-models that assess the impact of reducing the bit

rate on objective video quality. These models are for the MPEG-4 and FLV codecs.

D.2.1. MPEG-4 Video Codec
I modeled the quality of the transcoded video, generated by reducing the bit rate from b1y, to

br,,:, on objective video quality for the MPEG-4 codec as follows:

loga (broug*az)+ In (brin“3)) (D.6)

Y. qualltyﬁMPEm(X-C-brin.y-c-brout).x =+ ( 10g, (brip*as)*In (broye*as)
where x and y are the original and transcoded videos, respectively. The codec for videos x and y is MPEG-
4. The bit rate for video x is br;, and for video y is br,,; in Mbps (br;, > b7y, ). The sub-model

coefficients are a4, a,, as, a,, and as, calculated as follows

a; = —0.67613 * x2 4+ 0.83722 x x — 0.02499 (D.7)

a, = 3.20461 * x? — 2.28249 = x + 0.52697 (D.8)
as; = 14.74001 x x? — 11.90797 * x + 3.54817 (D.9)
a, = 0.24308 * x2 — 0.36446 xx + 1.01875 (D.10)
as = 45.87801 x x%2 — 35.50992 x x + 7.61841 (D.11)
The value of x represents the reduction percentage in the bit rate, calculated using (6.5). The value

of (D.6) ranges from 0 to 1, the higher the value, the better the quality. The relationship between the model

coefficients, i.e., a; to as, and the feature x is plotted in Figure D.1.
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Figure D.1. The relationship between the model coefficients and the feature x for modeling the impact
of reducing the bit rate on objective video quality for the MPEG-4 video codec. (a) a;, (b) a,, (¢) as,
(d) a4, and (e) as.

Figure D.1 shows high correlation between the equations, which calculate the model coefficients

a, to ag based on the values of x, and the model coefficients.

To test this model and the next one, i.e., for the FLV codec, I performed steps similar to those

described in Chapter 6, but in this case to test modeling the impact of reducing the bit rate for the MPEG-4

and FLV codecs. I selected 30%, 40%, and 50% as reduction percentages for the bit rate. The total number

of encoded videos generated from this encoding process for each codec is 28. During video transcoding, I

kept the codec, frame rate, and frame size the same as in the original video. The only thing that I changed
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in this transcoding was the bit rate. The total number of transcoded videos generated from this transcoding
for each codec is 84.

Figure D.2 shows the quality evaluation results for modeling the impact of reducing the bit rate on
objective video quality for the MPEG-4 codec for each video in the testing set and the reference values that
represent the average of the actual quality values for all videos used in the training set in terms of MS-
SSIM. Also, it shows the model results. Figure D.2 shows high correlations between the predicted quality
values generated from this sub-model and the reference quality values. It also shows high correlations
between the predicted quality results and the quality results generated from using MS-SSIM for each video
in the testing set. Table D.1 shows high PCC values between the predicted quality values generated from
this proposed sub-model and the actual quality values generated from using MS-SSIM for each video in the

testing set. It also shows low RMSE values.

D.2.2. FLV Video Codec

I modeled the quality of the transcoded video, generated by reducing the bit rate from bry, to

bry,:, on objective video quality for the FLV codec as follows:

. (broyt*az)
Y. qualltprLV(x.c.brm,y.c.brout),x =ag* <W> (D.12)

Table D.1. The evaluation results in terms of PCC and RMSE for modeling the impact of reducing the
bit rate on objective video quality for the MPEG-4 video codec.

30% reduction 40% reduction 50% reduction
PCC RMSE PCC RMSE PCC RMSE
vqeghdl src02 0.99672 | 0.01916 | 0.99940 | 0.02407 | 0.99958 0.02648
vqeghdl _src04 0.99872 | 0.00884 | 0.99966 | 0.01461 | 0.99997 0.01470
vqeghdl src06 0.99794 | 0.02899 | 0.99490 | 0.03789 | 0.99857 0.03435
vqeghdl _src07 0.99980 | 0.01012 | 0.99986 | 0.01061 | 0.99999 0.01041

Average 0.99829 | 0.01678 | 0.99846 | 0.02180 | 0.99953 0.02149

Seq. #
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Figure D.2. The video quality evaluation results of modeling the impact of reducing the bit rate on
objective video quality for the MPEG-4 video codec. These quality results are in terms of MS-SSIM
for each video in the testing set and the reference values that represent the average of the actual video
quality values for all the videos that are used in the training set at a given bit rate. It also shows the
model results. The bit rate reduction percentages are (a) 30%, (b) 40%, and (c) 50% from the original
bit rate.

In (D.12), x and y are the original and transcoded videos, respectively. The codec for videos x and
y is FLV. The bit rate for video x is br;, and for video y is br,,; in Mbps (b13, > br,,;). The sub-model

coefficients are a;, a,, and a3, calculated as follows:

a, —0.03448 * x? — 0.11390 = x + 0.96648 (D.13)
a, = —0.07207 * x* + 0.11154 * x + 0.14674 (D.14)

a; = —0.08722 * x> — 0.07835 * x + 0.15063  (D.15)



144

The value of (D.12) ranges from 0 to 1, the higher the value, the better the quality. The
relationship between the model coefficients, i.e., a; to a3, and the feature x is plotted in Figure D.3, which
shows high correlations between the equations, which calculate the model coefficients a, to a3 based on the
values of x, and the model coefficients.

Figure D.4 shows the quality evaluation results for modeling the impact of reducing the bit rate on
objective video quality for the FLV codec for each video in the testing set and the reference values that
represent the average of the actual quality values for all videos used in the training set in terms of MS-
SSIM. Also, it shows the model results. Figure D.4 shows high correlations between the predicted quality
values generated from this sub-model and the reference quality values. It also shows high correlations
between the predicted quality results and the quality results generated from using MS-SSIM for each video
in the testing set, except for "vgeghdl src07" video, which shows inconsistent trend comparable with other
videos and this inconsistency starts to increase when the reduction is increased. This inconsistency

decreases the PCC values and increases the RMSE values.
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Figure D.3. The relationship between the model coefficients and the feature x for modeling the impact
of reducing the bit rate on objective video quality for the FLV video codec. (a) a4, (b) a,, and (c) as.
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Figure D.4. The video quality evaluation results of modeling the impact of reducing the bit rate on
objective video quality for the FLV video codec. These quality results are in terms of MS-SSIM for
each video in the testing set and the reference values that represent the average of the actual video
quality values for all the videos that are used in the training set at a given bit rate. It also shows the
model results. The bit rate reduction percentages are (a) 30%, (b) 40%, and (c) 50% from the original

bit rate.

Table D.2 shows good PCC values between the predicted quality values generated from this

proposed sub-model and the actual quality values generated from using MS-SSIM for each video in the

testing set, with low RMSE values, except for "vqeghdl src07" video.
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Table D.2. The evaluation results in terms of PCC and RMSE for modeling the impact of reducing the
bit rate on objective video quality for the FLV codec.

30% reduction 40% reduction 50% reduction
PCC RMSE PCC RMSE PCC RMSE
vqeghdl src02 | 0.96901 | 0.02215 | 0.99823 | 0.01888 | 0.612158 | 0.023812
vgeghdl src04 | 0.88583 | 0.01525 | 0.96369 | 0.01047 | 0.730787 | 0.016282
vqeghdl src06 | 0.92775 | 0.02543 | 0.92163 | 0.02136 | 0.980111 | 0.027191
vgeghdl src07 | 0.87580 | 0.00649 | -0.16490 | 0.01234 | -0.57471 | 0.020648

Average 0.91460 | 0.01733 | 0.67966 | 0.01576 | 0.437088 | 0.021983

Seq. #

D.3. Modeling the Impact of Reducing the Frame Size

This section describes the rest of the quality sub-models that assess the impact of reducing the

frame size on objective quality. These models are for the MPEG-4 and FLV codecs.

D.3.1. MPEG-4 Video Codec
I modeled the quality of the transcoded video, generated by reducing the frame size from f's;, to
fSout, on objective video quality for the MPEG-4 codec at a given bit rate, br, as follows:

fSoutw
(fsin-w )*(logz(br+a2)

G2y (10g; (br) 3 s(elosabrras)
m:

Y. qualityaMpEm_(x.c.br,x.c.fsm,y.c.fsout),x =1-[a;+ (D.16)

where x and y are the original and transcoded videos, respectively. The codec for videos x and y is MPEG-
4. The sub-model coefficients are a,, a,, as,and a,, calculated as follows:
a; = 0.90584 * x* — 0.57133 * x + 0.10391 (D.17)
a, = —152.96951 x x? + 108.39776 x x — 19.69767  (D.18)
a; = 332.84962 * x2 — 232.03934 * x + 41.55703  (D.19)
a, = 127.68969 * x? — 110.93035 * x + 24.34879  (D.20)
The value of x represents the relationship between the sizes of the frames, calculated using (6.11).
The value of (D.16) ranges from 0 to 1, the higher the value, the better the quality. The relationship

between the model coefficients, i.e., a; to a4, and the feature x is plotted in Figure D.5, which shows high
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correlations between the equations, which calculate the model coefficients a; to a, based on the values of

x, and the model coefficients.

To test this model and the next one, i.e., for the FLV codec, I performed steps similar to those

described in Chapter 6, but in this case to test modeling the impact of reducing the frame size for the

MPEG-4 and FLV codecs. I selected the following new frame sizes: 1440x900, 1280x720, and 640x480.

The total number of encoded videos generated from this encoding process is 28 for each codec. During this

transcoding, I kept the codec, bit rate, and frame rate the same as in the original video. The only thing that I

changed was the frame size. The total number of transcoded videos generated from this transcoding is 84

for each codec.
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Figure D.5. The relationship between the model coefficients and the feature x for modeling the impact
of reducing the frame size on objective video quality for the MPEG-4 video codec. (a) a4, (b) a,, (c)

as, and (d) a,.

Figure D.6 shows the quality evaluation results for modeling the impact of reducing the frame size

on objective video quality for the MPEG-4 codec for each video in the testing set and the reference values

that represent the average of the actual quality values for all videos used in the training set in terms of MS-
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SSIM. Also, it shows the model results. Figure D.6 shows high correlations between the predicted quality
values generated from this sub-model and the reference quality values generated from averaging the actual
quality values generated from using MS-SSIM for all the videos used in the training set. It also shows high
correlations between the predicted quality results and the quality results generated from using MS-SSIM
for each video in the testing set.

Table D.3 shows good PCC values between the predicted quality values generated from this
proposed sub-model and the actual quality values generated from using MS-SSIM for each video in the

testing set. It also shows low RMSE values.
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Figure D.6. The video quality evaluation results of modeling the impact of reducing the frame size on
objective video quality for the MPEG-4 video codec. These quality results are in terms of MS-SSIM
for each video in the testing set and the reference values that represent the average of the actual video
quality values for all the videos that are used in the training set at a given bit rate. It also shows the
model results. The new frame sizes are (a) 1440x900, (b) 1280x720, and (c) 640x4380.
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Table D.3. The evaluation results in terms of PCC and RMSE for modeling the impact of reducing the
frame size on objective video quality for the MPEG-4 video codec.

Frame Size 1440x900 1280x720 640x480
Seq. # PCC RMSE PCC RMSE PCC RMSE
vgeghdl src02 0.99968 0.02781 | 0.99759 | 0.02215 | 0.99288 0.01946
vqeghdl src04 0.99489 0.00563 | 0.98069 | 0.00534 | 0.87226 0.00631
vgeghdl src06 0.98634 0.02573 | 0.98090 | 0.01266 | 0.83686 0.00488
vqeghdl src07 0.99941 0.00257 | 0.99914 | 0.00763 1.00000 0.01861
Average 0.99508 0.01544 | 0.98958 | 0.01194 | 0.92550 0.01232

D.3.2. FLV Video Codec
I modeled the quality of the transcoded video, generated by reducing the frame size from f's;;, to
fSout> on objective video quality for the FLV codec at a given bit rate, br, as follows:

);S:i—nﬁf*(logz (br+ay))

V. qualityé'pu/(x.c.br,x.c.fsin,y.c.fsout),x =1-|a;+ fs (D.21)

Loutk (tog, (br)43)s(etogz(br+as)
m-

where x and y are the original and transcoded videos, respectively. The codec for videos x and y is FLV.
The sub-model coefficients are a4, a,, as, and a,, calculated as follows:

a; = —4.5294 * x> +3.66191 * x — 0.71518 (D.22)

a, = 1177.39952 x x? — 916.0712 * x + 176.1566  (D.23)
a; = 43.79609 = x? — 8.17365 * x — 1.54095  (D.24)
a, = 1233.11183 * x? — 951.96648 = x + 183.49663  (D.25)
The value of (D.21) ranges from 0 to 1, the higher the value, the better the quality. The

relationship between the model coefficients, i.e., a; to a,, and the feature x is plotted in Figure D.7, which
shows high correlations between the equations, which calculate the model coefficients a, to a, based on the

values of x, and the model coefficients.
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Figure D.7. The relationship between the model coefficients and the feature x for modeling the impact
of reducing the frame size on objective video quality for the FLV video codec. (a) a;, (b) a,, (c) a3, and

() a,.

Figure D.8 shows the quality evaluation results for modeling the impact of reducing the frame size

on objective video quality for the FLV codec for each video in the testing set and the reference values that

represent the average of the actual quality values for all videos used in the training set in terms of MS-

SSIM. Also, it shows the model results.

Figure D.8 shows high correlations between the predicted quality values generated from this sub-

model and the reference quality values generated from averaging the actual quality values generated from

using MS-SSIM for all the videos used in the training set. It also shows high correlations between the

predicted quality results and the quality results generated from using MS-SSIM for each video in the testing

set. Table D.4 shows good PCC values between the predicted quality values generated from this proposed

sub-model and the actual quality values generated from using MS-SSIM for each video in the testing set. It

also shows low RMSE values.
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Figure D.8. The video quality evaluation results of modeling the impact of reducing the frame size on
objective video quality for the FLV video codec. These quality results are in terms of MS-SSIM for
each video in the testing set and the reference values that represent the average of the actual video
quality values for all the videos that are used in the training set at a given bit rate. It also shows the
model results. The new frame sizes are (a) 1440x900, (b) 1280x720, and (c) 640x480.

D.4. Modeling the Impact of Reducing the Frame Rate

This section describes the rest of the quality sub-models that assess the impact of reducing the

frame rate on objective video quality. These models are for the MPEG-4 and FLV codecs.

D.4.1. MPEG-4 Video Codec
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I modeled the quality of the transcoded video, generated by reducing the frame rate from fr;, to

fTout, On objective video quality for the MPEG-4 codec at a given bit rate, br, as follows:
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Table D.4. The evaluation results in terms of PCC and RMSE for modeling the impact of reducing the
frame size on objective video quality for the FLV video codec

1440x900 1280x720 640x480

Seq. # PCC RMSE PCC RMSE PCC RMSE
vqeghdl src02 0.99914 0.01221 0.98991 0.00775 0.99567 0.01411
vgeghdl src04 0.99917 0.01015 0.97985 0.02138 0.99543 0.00233
vqeghdl _src06 0.95314 0.02847 0.96488 0.03822 0.99743 0.00806
vgeghdl src07 0.99914 0.00140 0.99911 0.00903 -0.99074 0.02624

Average 0.98765 0.01306 0.98344 0.01910 0.49945 0.01268
(y—x}?ﬁ:lt) +log, (br+aq)+ ay

Y. qualityy(x.c.frin,y.c.frout),x = (D.26)

az*In (log, (br+ay)+bras
where x and y are the original and transcoded videos, respectively. The codec for videos x and y is MPEG-
4. The model coefficients are a, to as, calculated as follows:
a; = 200.28718 = x? —301.82862 * x + 112.94118  (D.27)
a, = —9.23642 x x? + 14.01832 * x — 5.70813  (D.28)

a; = —8.76139 * x% + 11.89591 » x — 3.19208  (D.29)

a, = 638.80911 — 959.49887 * x + 359.24664 (D.30)
as = 0.0504 * x* — 0.1429 xx + 0.26  (D.31)
The value of x represents the relationship between the two frame rates, calculated using (6.16).
The value of (D.26) ranges from O to 1, the higher the value, the better the quality. The relationship
between the model coefficients, i.e., a; to as, and the feature x is plotted in Figure D.9, which shows high

correlations between the equations, which calculate the model coefficients a, to a5 based on the values of

x, and the model coefficients.
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Figure D.9. The relationship between the model coefficients and the feature x for modeling the impact
of reducing the frame rate on objective video quality for the MPEG-4 video codec. (a) a4, (b) a,, (¢) as,

(d) a, and (e) as.

To test this model and the next one, i.e., for the FLV codec, I performed steps similar to those

described in Chapter 6, but in this case to test modeling the impact of reducing the frame rate for the

MPEG-4 and FLV codecs. I selected the following new frame rates: 25 fps, 20 fps, and 15 fps. The total

number of encoded videos generated from this encoding process is 28 for each codec. During this

transcoding, I kept the codec, bit rate, and frame size the same as in the original video. The only thing that I

changed was the frame rate. The total number of transcoded videos generated from this transcoding is 84

for each codec.

Figure D.10 shows the quality evaluation results for modeling the impact of reducing the frame

rate on objective video quality for the MPEG-4 codec for each video in the testing set and the reference

values (labeled by "R") that represent the average of the actual quality values for all the videos used in the

training set in terms of MS-SSIM. It also shows the model results (labeled by "M"). The frame rate
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reductions are from 29.97 fps to 25 fps, 20 fps, and 15 fps for all the videos that are used in the training and
testing sets.

Figure D.10(a) shows that two videos from the testing set, i.e., src04 and src06, have results that
are close to the model results. The other two videos, i.e., src02 and src07, have results that are slightly
farther from the model results. However, all of the videos that are used in the testing set have high

correlations with the model results.
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Figure D.10. The video quality evaluation results of modeling the impact of reducing the frame rate on
objective video quality for the MPEG-4 video codec. These quality results are in terms of MS-SSIM
for each video in the testing set and the reference values that represent the average of the actual video
quality values for all the videos used in the training set at a given bit rate. It also shows the model
results. The new frame rates are (a) 25 fps, (b) 20 fps, and (c) 15 fps.
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Figure D.10(b) shows that two videos from the testing set, i.e., src04 and src06, have results that
are close to the model results, whereas the other two videos, i.e., src02 and src07, have results that are
slightly farther from the model results. Figure D.10(c) shows that three videos from the testing set, i.e.,
src04, src06, and src07, have results that are close to the model results, while src02 has results that are
slightly farther from the model results. However, the quality values of three videos used in the testing set
have high correlations with the predicted quality results generated from this model with low RMSE values,

as shown in Table D.5.

D.4.2. FLV Video Codec

I modeled the quality of the transcoded video, generated by reducing the frame rate from fr;, to

fTout, on objective video quality for the FLV codec at a given bit rate br as follows:

. fr log,(br+az)
V. qualltyy(x.c.frin,y.c.frout),x = (logyo ( out) +a;) —(az + m) (D.32)

frin
where x and y are the original and transcoded videos, respectively. The codec for videos x and y is FLV.
The sub-model coefficients are a, to as, calculated as follows:
a; = 94292 xx?> — 11.838 xx + 5.547 (D.33)
a, = 1.9068 * x? — 2.3529 xx + 0.2168 (D.34)
as; = 18.325 % x? —23.442 x x + 6.7765 (D.35)
a, = 99.53 xx? —124.36 *x + 39.268  (D.36)

as = —8.737 *x x? +8.9851 x x — 0.3799 (D.37)

Table D.5. The evaluation results in terms of PCC and RMSE for modeling the impact of reducing the
frame rate on objective video quality for the MPEG-4video codec.

From 29.97 to 25 fps From 29.97 to 20 fps | From 29.97 to 15 fps
PCC RMSE PCC RMSE PCC RMSE

vqeghdl_src02 | 0.93969 0.30753 0.96088 | 0.28051 | 0.84790 | 0.33733
vqeghdl_src04 | 0.96605 0.03857 0.97656 | 0.04450 | 0.77092 | 0.07461
vqeghdl_src06 | 0.99586 0.01190 0.83628 | 0.07619 | 0.49163 | 0.13985

vqeghdl_src07 | 0.94884 0.22006 0.94527 0.17483 0.95955 | 0.15493
Average 0.96261 0.14451 0.92975 | 0.14401 | 0.76750 | 0.17668

Seq. #
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The value of (D.32) ranges from 0 to 1, the higher the value, the better the quality. The
relationship between the model coefficients, i.e., a; to as, and the feature x is plotted in Figure D.11, which
shows high correlations between the equations, which calculate the model coefficients a; to a5 based on the

values of x, and the model coefficients.
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Figure D.11. The relationship between the model coefficients and the feature x for modeling the impact
of reducing the frame rate on objective video quality for the FLV video codec. (a) ay, (b) a,, (c) a3, (d)
a, and (e) as.

Figure D.12 shows the quality evaluation results for modeling the impact of reducing the frame
size on objective video quality for the FLV codec for each video in the testing set and the reference values
that represent the average of the actual quality values for all videos used in the training set in terms of MS-

SSIM. Also, it shows the model results.
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Figure D.12. The video quality evaluation results for modeling the impact of reducing the frame rate on
objective video quality for the FLV video codec. These quality results are in terms of MS-SSIM for
each video in the testing set and the reference values that represent the average of the actual video
quality values for all the videos used in the training set at a given bit rate. It also shows the model
results. The new frame rates are (a) 25 fps, (b) 20 fps, and (¢) 15 fps.

Figure D.12 shows good correlations between the predicted quality values generated from this
sub-model and the reference quality values generated from averaging the quality results generated from
using MS-SSIM for each video in the training set. It also shows good correlation between the predicted
quality values and the quality results generated from using MS-SSIM for each video in the testing set.
Figure D.12 also shows that two videos from the testing set, i.e., src04 and src06, have results that are close

to the model results. The other two videos, i.e., src02 and src07, have results that are slightly farther from
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the model results. However, all the videos that are used in the testing set have high correlation results with

the model results, as shown in Table D.6.

Table D.6. The evaluation results in terms of PCC and RMSE for modeling the impact of reducing the
frame rate on objective video quality for the FLV video codec.

Seq. # From 29.97 to 25 fps From 29.97 to 20 fps From 29.97 to 15 fps
PCC RMSE PCC RMSE PCC RMSE
vqeghdl src02 | 0.92641 | 0.29037 0.92464 0.39128 0.97770 0.55826
vqeghdl src04 | 0.87602 | 0.04708 0.73457 0.11731 0.84779 0.13862
vqeghdl src06 | 0.99720 | 0.01850 0.95845 0.07686 0.88488 0.13943
vqeghdl src07 | 0.96158 | 0.20645 0.96875 0.32866 0.89348 0.41620
Average 0.94030 | 0.14060 0.89660 0.22853 0.90096 0.31313

D.5. Error Sub-Models for Reducing the Bit Rate

This section describes the error sub-models that assess the error in predicting the impact of
reducing the bit rate on objective video quality. These sub-models are for the H.264, MPEG-4, and FLV

codecs.

D.5.1. H.264 and MPEG-4 Video Codecs
I modeled the error in assessing the impact of reducing the bit rate from bry to br, on objective

video quality for the H.264 and MPEG-4 codecs as follows:

log, (br2+a2)*a3) (D 38)

B —
Errore (x.c.bry,y.c.bry) = a; + ( log, (bri+as)

where f € {H264 , MPEG4} and a, to a, are the sub-model coefficients, calculated for the H.264 codec as

follows:

a, = 1.17442 = x% — 0.80705x + 0.17973  (D.39)

a, = 48.287 » x2 — 36.115 * x + 6.48031 (D.40)
az = —1.4976 % x2 + 1.0039 x x — 0.2162  (D.41)

a, = 78.62853 x x? — 75.62253 * x + 20.84327 (D.42)
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The value of x represents the relationship between the two bit rates, calculated using (6.5). For the
MPEG-4 codec, the sub-model coefficients are calculated as follows:
a, = —3.2977 xx? + 2.461 xx — 0.3766 (D.43)
a, = —105.49186 = x% + 72.1984 * x — 13.37489 (D.44)
as; = 4.325xx%—3.2479xx + 0.51 (D.45)

a, = 139.26 xx2 — 116,18 x x + 27.109  (D.46)

D.5.2. FLV Video Codec
I modeled the error in assessing the impact of reducing the bit rate from bry to br, on objective

video quality for the FLV codec as follows:

e(brz=az)

ErrorFﬁLV( x.c.bry,y.c.bry) = aq * (m) (D.47)

where a, to a; are the sub-model coefficients, calculated as follows:
a; = 09333 xx? —0.967 * x + 0.2755 (D.48)
a, = —112.27882 * x% + 79.6291647 * x — 11.56980285 (D.49)
a; = —56.711 xx? + 37.576 x x — 4.5025 (D.50)

Figure D.13 shows the error values that represent the error in assessing the impact of reducing the
bit rate on objective video quality for the H.264, MPEG-4, and FLV codecs at a given bit rate. The
expected error values are generated from the proposed error sub-models (labeled by "M"). The reference
error values (labeled by "R") represent the average of the difference between the actual quality values
generated from MS-SSIM and the predicted quality values generated from the proposed bit rate quality sub-
models described above at a given bit rate. The bit rate reduction percentages are 30%, 40%, and 50% from
the original bit rate for all these codecs. Figure D.13 shows high correlation between these reference and
expected error values.

Table D.7 shows the evaluation results in terms of PCC and RMSE for assessing the error in
modeling the impact of reducing the bit rate on objective video quality for the H.264, MPEG-4, and FLV
codecs. These evaluation results are generated by comparing the reference and expected error values, which

show high PCC and very low RMSE values.
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Figure D.13. The error values that represent the error in assessing the impact of reducing the bit rate on
objective video quality for the H.264, MPEG-4, and FLV video codecs at a given bit rate. The black
curves (labeled by "R") represent the reference error values and the red curves (labeled by "M")
represent the predicted error values generated from the proposed error sub-models. The reference error
values represent the average of the differences between the actual video quality values generated from
MS-SSIM and the predicted video quality values generated from the proposed bit rate quality sub-
models. The bit rate reduction percentages are 30%, 40%, and 50% from the original bit rate for the (a)
to (c) H.264, (d) to (f) MPEG-4, and (g) to (i) FLV codecs.
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Table D.7. The evaluation results in terms of PCC and RMSE for assessing the error in modeling the
impact of reducing the bit rate on objective video quality for the H.264, MPEG-4, and FLV codecs.

Reduction Percentage H.264 sub-model MPEG-4 sub-model FLV sub-model
in the bit rate PCC RMSE PCC RMSE PCC RMSE
30% 0.99754 | 0.00027 | 0.99864 | 0.00046 | 0.99383 | 0.00068
40% 0.99674 | 0.00036 | 0.99142 | 0.00177 | 0.99143 | 0.00052
50% 0.99875 | 0.00027 | 0.99994 | 0.00011 | 0.50895 | 0.00278

D.6. Error Sub-Models for Reducing the Frame Rate

This section describes the error sub-models that assess the error in predicting the impact of
reducing the frame rate on objective video quality. These models are for the H.264, MPEG-4, and FLV

codecs.

D.6.1. H.264 Video Codec

I modeled the error in assessing the impact of reducing the frame rate from fr; to fr, on objective

video quality for the H.264 codec at a given bit rate, br, as follows:

(frz/f7”1)*br*a1 (D 51)

Errory,e,(x.c.br,x.c.fr,y.c.fr,) = 232 (o73)
where a, to az are the sub-model coefficients, calculated as follows:
a, = —8.96860 * x? + 13.52600 * x — 5.9039  (D.52)
a, = —28516 * x? 4+ 25842« x — 6.7921 (D.53)
a; = 0.24085 * x2 — 0.32317 *x + 1.12076  (D.54)

The value of x represents the relationship between the two frame rates, calculated using (6.16).

D.6.2. MPEG-4 Video Codec

I modeled the error in assessing the impact of reducing the frame rate from fr; to fr, on objective

video quality for the MPEG-4 codec at a given bit rate, br, as follows:

(fr2/fri)+logio(br+as)+a; (D.55)

v —
Erronypgea(x.c.br x.c.fr,y.c f1y) = o )+ hrs)

where a; to as are the sub-model coefficients, calculated as follows:
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a; = 905.09206 = x2 — 1378.07499 * x + 519.78394  (D.56)
a, = —18.40403 * x? + 26.808659  x — 10.95724  (D.57)
a; = 26911 — 12.064 x x — 2.0045 (D.58)
a, = 615.071 % x2 —929.1683 * x + 349.6824 (D.59)

as = —8.2925* x? 4+ 11.485* x — 3.4392  (D.60)

D.6.3. FLV Video Codec

I modeled the error in assessing the impact of reducing the frame rate from fr; to fr, on objective
video quality for the FLV codec at a given bit rate, br, as follows:

(1092 ((frz/fr1)+a1)*logz(br+a2))*a3
(91092(b7+a4)*b7‘a5)*a6

Error} ,(x.c.br,x.c.fr,y.c.fr,)) = (D.61)

where a, to a are the sub-model coefficients, calculated as follows:
a; = 10.96238 —19.43307 * x + 10.86636 (D.62)
a, = —7.82795 * x? + 6.582759 * x — 0.655307  (D.63)
a; = 104.8019 x x* — 146.298 * x + 51.24557  (D.64)
a, = —4.58816 * x? + 0.685149 * x + 11.24952  (D.65)
as = —0.59 xx? + 0.4353 xx — 0.5717  (D.66)
ag = 154.028 x x%2 — 202.609 * x + 66.96729  (D.67)

Figure D.14 shows the error values that represent the error in assessing the impact of reducing the
frame rate on objective video quality for the H.264, MPEG-4, and FLV codecs at a given bit rate. The
expected error values are generated from the proposed error sub-models (labeled by "M"). The reference
error values (labeled by "R") represent the average of the difference between the actual quality values
generated from MS-SSIM and the predicted quality values generated from the proposed frame rate quality
sub-models described above at a given bit rate. The frame rates are reduced from the original frame rate,
i.e., 29.97 fps, to 25 fps, 20 fps, and 15 fps for all these codecs. Figure D.14 shows high correlation
between these reference and expected error values.

Table D.8 shows the evaluation results in terms of PCC and RMSE for assessing the error in

modeling the impact of reducing the frame rate on objective video quality for the H.264, MPEG-4, and



163
FLV codecs. These evaluation results are generated by comparing the reference and expected error values,

which show high PCC and very low RMSE values.

0.137

0.254 0.67
0.1365 F il R 25 fps il R 20 fps R15fps
o | —— == M25fs 0.253 -—® == M20fps 0665 F —=@==MI5fps
. L 0252 5
20.1355 g g 066
o 0.135 | Ho.251 -
0.1345 | 0.655
0.134 F 025 T
065 b o 0 0
0.1335 L— 0.249
4 6 8 1012 14 16 18 20 22 4 6 8 1012 14 16 18 20 22 # 68 10121416118 20 22
Video bit rate (Mbps) - H.264 Video bit rate (Mbps) - H.264 Video bit rate (Mbps) - H.264
(a) H.264 (29.97 to 25 fps) (b) H.264 (29.97 to 20 fps) (c) H.264 (29.97 to 15 fps)
0.2
0.15 0.147 —— R 15 fps
s | o146 F ——l— R 20 fps 0.195 I
014 | 0.145 == ®==M20 fps 0.19 | S
L0135 | 0.144 5 0.185 [
s s 3
o013t —— R 25 s égig I g o1s |
001?2 -—® == M25 fps o141 0.175
: 0.14 0.17 }
0.115 | 0.139 } ) 0.165 P R R R SR
0.11 o3 b v v vy

0246 810121416182022
Video bit rate (Mbps) - MPEG-4

2 4 6 8 10121416 18 20 22
Video bit rate (Mbps) - MPEG-4

0246 810121416182022
Video bit rate (Mbps) - MPEG-4
(d) MPEG-4 (29.97 to 25 fps)

(e) MPEG-4 (29.97 to 20 fps) (f) MPEG-4 (29.97 to 15 fps)

0.16 03 0.35
0.14 | ’ 03 |
L 025 | :
061? - 0.2 027
5 . e B 5 02 F
£ 0.08 | S
= 0.06 t ,‘ ——R25fs st o —a—r20ps H015 |
0.04 + ——@ =< M25fps 01 -=@==M20fps 01 |
0.02 0.05 | 0.05 |
0 Ly 0 o 0 L
0246 810121416182022 02 46 8101214161820 22 02 46 810121416182022
Video bit rate (Mbps) - FLV Video bit rate (Mbps) - FLV Video bit rate (Mbps) - FLV
(2) FLV (29.97 to 25 fps) (h) FLV (29.97 to 20 fps) (i) FLV (29.97 to 15 fps)

Figure D.14. The error values that represent the error in assessing the impact of reducing the frame rate
on objective video quality for the H.264, MPEG-4, and FLV video codecs at a given bit rate. The black
curves (labeled by "R") represent the reference error values and the red curves (labeled by "M")
represent the predicted error values generated from the proposed error sub-models. The reference error
values represent the average of the differences between the actual video quality values generated from
MS-SSIM and the predicted video quality values generated from the proposed frame rate quality sub-
models. The frame rate reductions are from 29.97 fps to 25 fps, from 29.97 fps to 20 fps, and from
29.97 fps to 15 fps for the (a) to (c) H.264, (d) to (f) MPEG-4, and (g) to (i) FLV codecs.
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Table D.8. The evaluation results in terms of PCC and RMSE for assessing the error in modeling the
impact of reducing the frame rate on objective video quality for the H.264, MPEG-4, and FLV video

codecs.
fre fr H.264 sub-model MPEG-4 sub-model FLV sub-model
rom to PCC RMSE PCC RMSE PCC RMSE
29.97 25 0.93132 0.00042 0.99995 | 0.00011 | 0.92163 | 0.01906
29.97 20 0.93801 0.00049 0.54007 | 0.00219 | 0.91640 | 0.02596
29.97 15 0.99874 0.00027 0.96610 | 0.00250 | 0.92235 | 0.02895

D.7. Error Sub-Models for Reducing the Frame Size
This section describes the error sub-models that assess the error in modeling the impact of

reducing the frame size on objective video quality. These models are for the H.264, MPEG-4, and FLV

codecs.

D.7.1. H.264 Video Codec

I modeled the error in assessing the impact of reducing the frame size from f's; to f's, on objective

video quality for the H.264 codec at a given bit rate, br, as follows:

5 __loga(fsp.w+aq)*loga(fsz.h+az)w/brrag
Errorgses(x.c.br,x.c.fs1,y.c. f55) = 109, 51wt an)logs(Foulitas)sbrds (D.68)

where a, to a4 are the sub-model coefficients, calculated as follows:

a;

10.96238 * x2 + 19.43307  x — 10.86636  (D.69)
a, = —7.82795 x x2 + 6.582759 * x — 0.655307  (D.70)
a; = 104.8019 * x? + 146.298 * x — 51.24557  (D.71)
a, = —4.58816,0 * x2 + 0.685149  x — 11.24952  (D.72)
as = —0.59 * x2 — 0.4353 * x + 0.5717 (D.73)
ag = 154.028 * x% + 202.609 * x — 66.96729  (D.74)

The value of x represents the relationship between the sizes of the two frames from the original

and transcoded videos, calculated using (6.11).
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D.7.2. MPEG-4 Video Codec

I modeled the error in assessing the impact of reducing the frame size from f's; to f's, on objective

video quality for the MPEG-4 codec at a given bit rate, br, as follows:

logz (fsz.wxaq)*logy (fsz.hxaz)«(br+az) (D.75)
logz(fsy.w*ay)*log,(fs1.h+as)+br?e

Errorgpgea(x.c.br,x.c.fS1,y.C.fs,) =
where a; to a4 are the sub-model coefficients, calculated as follows:
a; = —15.892 x x? + 10.626 * x + 0.0534 (D.76)
a, = —16.834 *x? + 11.344 xx — 0.094  (D.77)
a; = —13.39xx24+9.3576 xx — 1.519  (D.78)

12.26054 = x2 + —8.12581 = x + 3.49709  (D.79)

Q
S
Il

as 13.30693 * x? + —8.82508 * x + 3.62465  (D.80)

ag = —30.416 * x? + 17.334 * x — 0.2093 (D.81)

D.7.3. FLV Video Codec

I modeled the error in assessing the impact of reducing the frame size from f's; to f's, on objective

video quality for the FLV codec at a given bit rate, br, as follows:

l0g10(fszw+ay)*logso(fsy.w+az)*(br?3)
(D.82)
log10(fsz-h*as)*xlogy(fsy.hxag)+log, (bra6)

Errorgy(x.c.br,x.c.fsy,y.c.fs,) =

where a; to ag are the sub-model coefficients, calculated as follows:

a, = 2825304« x — 693638 (D.83)
a, = 2838778 x x — 698101 (D.84)

323.17874 * x* — 224.41641 = x + 37.83325 (D.85)

as

308.82029 * x* — 179.25734 = x + 27.63372  (D.86)

Ay

as = 267.04910 * x> — 150.15878 = x + 22.59876  (D.87)

ag = 323.17874  x? — 22441641 x x + 37.83325 (D.88)
Figure D.15 shows the error values that represent the error in assessing the impact of reducing the

frame size on objective video quality for the H.264, MPEG-4, and FLV codecs at a given bit rate. The
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expected error values are generated from the proposed error sub-models (labeled by "M"). The reference
error values (labeled by "R") represent the average of the difference between the actual quality values
generated from MS-SSIM and the predicted quality values generated from the proposed frame size quality
sub-models described above at a given bit rate. The frame sizes are reduced from the original size, i.e.,
1920x1080, to 640x480, 1280x720, and 1440x900 for all these codecs. Figure D.15 shows high correlation
between these reference and expected error values.

Table D.9 shows the evaluation results in terms of PCC and RMSE for assessing the error in
modeling the impact of reducing the frame size on objective video quality for the H.264, MPEG-4, and
FLV codecs. These evaluation results are generated by comparing the reference and expected error values,

which show high PCC and very low RMSE values.

Table D.9. The evaluation results in terms of PCC and RMSE for assessing the error in modeling the
impact of reducing the frame size on objective video quality for the H.264, MPEG-4, and FLV codecs.

fig fs, H.264 sub-model MPEG-4 sub-model FLV sub-model
rom ° PCC RMSE PCC RMSE PCC RMSE
1920x1080 640x480 0.73656 0.00234 0.96049 | 0.00106 | 0.81297 | 0.00069
1920x1080 1280x720 0.94689 0.00026 0.99220 | 0.00098 | 0.99018 | 0.00196
1920x1080 1440x900 0.98317 0.00022 0.99000 | 0.00144 | 0.98399 | 0.00233

D.8. General Models

This section describes the rest of the general models that include: a) H.264 to MPEG-4, b) FLV to

H.264, c) FLV to MPEG-4, d) H.264 to FLV, and ¢) MPEG-4 to FLV general models.

D.8.1. H.264 to MPEG-4 General Model

I modeled the quality of the transcoded video y generated by changing the codec from H.264 to
MPEG-4, reducing the bit rate from bry, to bry,,, reducing the frame rate from fr;, to fr,,:, and reducing

the frame size from f's;, to f5,,, for any original video x as follows:
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Y. qualityVTOM,x = (y qualityaHZM,MpEG‘;(x.c.br),x)wc * (y qualitYBMpEG4(x.c.brin,y.c.brout),x)wbr *

(y- qualityyMpEG4 (x.c.br,x.c.frin,y.c.frout),x)Wfr * (y qualityﬁMpEG4 (x.c.br,x.c.fsin,y.c.fsaut),x)Wfs
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Figure D.15. The error values that represent the error in assessing the impact of reducing the frame size
on objective video quality for the H.264, MPEG-4, and FLV video codecs at a given bit rate. The black
curves (labeled by "R") represent the reference error values and the red curves (labeled by "M")
represent the predicted error values generated from the proposed error sub-models. The reference error
values represent the average of the differences between the actual video quality values generated from
MS-SSIM and the predicted video quality values generated from the proposed frame size quality sub-
models. The frame size reductions are from 1920x1080 to 640x480, from 1920x1080 to 1280x720, and
from 1920x1080 to 1440x900 for the (a) to (c) H.264, (d) to (f) MPEG-4, and (g) to (i) FLV video

codecs.
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D.8.2. FLV to H.264 General Model

I modeled the quality of the transcoded video y generated by changing the codec from FLV to
H.264, reducing the bit rate from bry, to br,,;, reducing the frame rate from fr;, to fr,,;, and reducing the
frame size from fs;, to fs,,; for any original video x as follows:

V- qualityVTOM,x = (y qualityaFLV_H264(x.c.br),x)wc * (y qualityBHz64(x.c.brin,y.c.brout),x)wbr *

(y- qualit}ﬁ/yzm(x.c.br,x.c.frin,y.c.frout),x)wfr * (y- quality6H264(x.c.br,x.c.fsin,y.c.fsout),x)Wfs (D~90)

D.8.3. FLV to MPEG-4 General Model

I modeled the quality of the transcoded video y generated by changing the codec from FLV to
MPEG-4, reducing the bit rate from bry, to bt,,,,, reducing the frame rate from f7;, to f7,,., and reducing

the frame size from f's;,, to fs,,+ for any original video x as follows:
V. qualityVTOM,x = (y qualityapLV,MpEGA; (x.C.bT),x)WC * (y qualitYBMpEG4 (x.c.brin,y.c.brout),x)Wbr *

(y- qualityyMpEG4(x.c.br,x.c.frin,y.c.frout),x)Wfr * (}’- qualitySMpEG4(x.c.br,x.c.fsin,y.c.fsout),x)Wfs (D~91)

D.8.4. H.264 to FLV General Model

I modeled the quality of the transcoded video y generated by changing the codec from H.264 to
FLV, reducing the bit rate from bry, to br,,;, reducing the frame rate from f71;, to fr,,:, and reducing the
frame size from f's;, to fs,,; for any original video x as follows:

y-qualityyromx = (V- qQUality oy, o, pyyenr O™ * (V- qualityp,, , eebripy.coroun )™ " *

(y- qualityprV(x.c.br,x.c.frm,y.c.frout),x)wfr * (y- qualithSpLV(x.c.br,x.C.fsm,y.c.fsout),x)Wfs (D-92)

D.8.5. MPEG-4to FLV General Model

I modeled the quality of the transcoded video y generated by changing the codec from MPEG-4 to
FLV, reducing the bit rate from b1y, to by, reducing the frame rate from f7;, to fr,,;, and reducing the
frame size from f's;, to fs,,, for any original video x as follows:

Y. qualitYVTOM,x = (Y- qualityaMpEm,pLV(x.c.br),x)wc * (y- qualitYﬁpLV(x.c.brm,y.c.brout),x)Wbr *

(y- qualityyply(x.c.br,x.c.f‘rm,y.c.frout),x)wfr * (Y- quality(SpLV(x.c.br,x.c.fsin,y.c.fsout),x)Wfs (D-93)
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Tables D.10, D.11, D.12, D.13, and D.14 show the evaluation results for the H.264 to MPEG-4,
FLV to H.264, FLV to MPEG-4, H.264 to FLV, and MPEG-4 to FLV general parametric models,
respectively, in terms of PCC and RMSE. I compared the actual quality values generated from MS-SSIM
with the predicted quality values generated from each of the above general models. These comparisons
yield results that show high PCC and low RMSE values. Figure D.16 shows an aggregation of all these
results. It shows that the MPEG-4 to FLV general model achieves the highest PCC values, while the H.264

to MPEG-4, MPEG-4 to FLV, and MPEG-4 to H.264 general models achieve the lowest RMSE values.

Table D.10. The evaluation results for the H.264 to MPEG-4 general model.

video codec Frame rate Frame size Reduction in
Seq. # From To From To From To bit rate PCC | RMSE

vgeghdl src02 H.264 MPEG-4 29.97 25 1920x1080 1440x900 30% 0.85 0.18
vqeghdl src04 H.264 MPEG-4 29.97 25 1920x1080 1440x900 30% 1.00 0.08
vgeghdl src06 H.264 MPEG-4 29.97 25 1920x1080 1440x900 30% 1.00 0.12
vgeghdl src07 H.264 MPEG-4 29.97 25 1920x1080 1440x900 30% 0.67 0.10
vgeghdl src02 H.264 MPEG-4 29.97 20 1920x1080 1280x720 40% 0.94 0.18
vqeghdl src04 H.264 MPEG-4 29.97 20 1920x1080 1280x720 40% 1.00 0.15
vgeghdl src06 H.264 MPEG-4 29.97 20 1920x1080 1280x720 40% 1.00 0.19
vqeghdl src07 H.264 MPEG-4 29.97 20 1920x1080 1280x720 40% 0.89 0.08
vgeghdl src02 H.264 MPEG-4 29.97 25 1920x1080 640x480 40% 0.82 0.12
vqeghdl src04 H.264 MPEG-4 29.97 25 1920x1080 640x480 40% 0.99 0.14
vgeghdl src06 H.264 MPEG-4 29.97 25 1920x1080 640x480 40% 1.00 0.18
vgeghdl src07 H.264 MPEG-4 29.97 25 1920x1080 640x480 40% 0.83 0.04

Average 0.92 0.13

Table D.11. The evaluation results for the FLV to H.264 general model.

video codec Frame rate Frame size Reduction in
Seq. # From To From To From To bit rate PCC RMSE

vgeghdl src02 FLV H.264 29.97 20 1920x1080 1280x720 30% 091 0.37
vqgeghdl src04 FLV H.264 29.97 20 1920x1080 1280x720 30% 0.97 0.04
vgeghdl src06 FLV H.264 29.97 20 1920x1080 1280x720 30% 0.86 0.04
vgeghdl src07 FLV H.264 29.97 20 1920x1080 1280x720 30% 0.93 0.29
vgeghdl src02 FLV H.264 29.97 25 1920x1080 1440x900 30% 091 0.20
vgeghdl src04 FLV H.264 29.97 25 1920x1080 1440x900 30% 0.99 0.06
vgeghdl src06 FLV H.264 29.97 25 1920x1080 1440x900 30% 0.99 0.12
vgeghdl src07 FLV H.264 29.97 25 1920x1080 1440x900 30% 0.98 0.12
vqeghdl src02 FLV H.264 29.97 25 1920x1080 1280x720 40% 0.85 0.18
vqeghdl src04 FLV H.264 29.97 25 1920x1080 1280x720 40% 0.97 0.04
vgeghdl src06 FLV H.264 29.97 25 1920x1080 1280x720 40% 091 0.10
vqgeghdl src07 FLV H.264 29.97 25 1920x1080 1280x720 40% 0.89 0.12

Average 093 | 0.14




Table D.12. The evaluation results for the FLV to MPEG-4 general model.
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video codec Frame rate Frame size Reduction in
Seq. # From To From To From To bit rate PCC IRMSE
vgeghdl src02 FLV MPEG-4 29.97 20 1920x1080 1280x720 30% 0.71 0.21
vgeghdl src04 FLV MPEG-4 29.97 20 1920x1080 1280x720 30% 0.97 | 0.11
vgeghdl src06 FLV MPEG-4 29.97 20 1920x1080 1280x720 30% 1.00 0.18
vgeghdl src07 FLV MPEG-4 29.97 20 1920x1080 1280x720 30% 0.95 0.13
vgeghdl src02 FLV MPEG-4 29.97 25 1920x1080 1440x900 30% 0.90 0.20
vgeghdl src04 FLV MPEG-4 29.97 25 1920x1080 1440x900 30% 0.99 | 0.08
vgeghdl src06 FLV MPEG-4 29.97 25 1920x1080 1440x900 30% 0.99 0.12
vgeghdl src07 FLV MPEG-4 29.97 25 1920x1080 1440x900 30% 1.00 | 0.12
vgeghdl src02 FLV MPEG-4 29.97 20 1920x1080 1280x720 40% 0.87 0.19
vgeghdl src04 FLV MPEG-4 29.97 20 1920x1080 1280x720 40% 0.93 0.15
vqeghdl_src06 FLV | MPEG4 | 2997 | 20 | 1920x1080 | 1280x720 40% 1.00 | 0.20
vqeghdl src07 FLV | MPEG4 | 2997 | 20 | 1920x1080 | 1280x720 40% 094 | 0.12
Average 0.94 | 0.15
Table D.13. The evaluation results for the H.264 to FLV general model.
video codec Frame rate Frame size Reduction in
Seq. # From To From To From To bit rate PCC [RMSE
vgeghdl src02 H.264 FLV 29.97 20 1920x1080 1280x720 30% 0.96 0.30
vgeghdl src04 H.264 FLV 29.97 20 1920x1080 1280x720 30% 0.98 0.08
vgeghdl src06 H.264 FLV 29.97 20 1920x1080 1280x720 30% 0.96 0.13
vgeghdl src07 H.264 FLV 29.97 20 1920x1080 1280x720 30% 0.97 0.20
vgeghdl src02 H.264 FLV 29.97 25 1920x1080 1440x900 30% 0.89 0.17
vgeghdl src04 H.264 FLV 29.97 25 1920x1080 1440x900 30% 0.99 0.11
vgeghdl src06 H.264 FLV 29.97 25 1920x1080 1440x900 30% 0.92 0.16
vgeghdl src07 H.264 FLV 29.97 25 1920x1080 1440x900 30% 0.89 0.09
vgeghdl src02 H.264 FLV 29.97 25 1920x1080 1280x720 40% 0.95 0.14
vgeghdl src04 H.264 FLV 29.97 25 1920x1080 1280x720 40% 0.97 0.14
vgeghdl src06 H.264 FLV 29.97 25 1920x1080 1280x720 40% 0.97 0.17
vgeghdl src07 H.264 FLV 29.97 25 1920x1080 1280x720 40% 0.71 0.07
Average 093 | 0.15
Table D.14. The evaluation results for the MPEG-4 to FLV general model.
video codec Frame rate Frame size Reduction in
Seq. # From To From To From To bit rate PCC | RMSE
vgeghdl src02 MPEG-4 FLV 29.97 25 1920x1080 1280x720 30% 0.96 0.17
vgeghdl src04 MPEG-4 FLV 29.97 25 1920x1080 1280x720 30% 0.98 0.10
vgeghdl src06 MPEG-4 FLV 29.97 25 1920x1080 1280x720 30% 0.99 0.13
vgeghdl src07 MPEG-4 FLV 29.97 25 1920x1080 1280x720 30% 0.96 0.11
vgeghdl src02 MPEG-4 FLV 29.97 20 1920x1080 1280x720 40% 0.98 0.26
vgeghdl src04 MPEG-4 FLV 29.97 20 1920x1080 1280x720 40% 0.98 0.06
vgeghdl src06 MPEG-4 FLV 29.97 20 1920x1080 1280x720 40% 0.99 0.09
vgeghdl src07 MPEG-4 FLV 29.97 20 1920x1080 1280x720 40% 1.00 0.18
vgeghdl src02 MPEG-4 FLV 29.97 25 1920x1080 1440x900 40% 0.97 0.17
vgeghdl src04 MPEG-4 FLV 29.97 25 1920x1080 1440x900 40% 0.98 0.10
vgeghdl src06 MPEG-4 FLV 29.97 25 1920x1080 1440x900 40% 0.98 0.14
vgeghdl src07 MPEG-4 FLV 29.97 25 1920x1080 1440x900 40% 0.94 0.09
Average 0.98 0.13
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