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Digital television (TV) service over Internet Protocol (IP) networks is
becoming a crucial element in a network provider’s portfolio. However, the
limitations of the existing communication networks and the complexity of
the service impose many operational, performance, and scalability barriers.
Analytic discussion of service quality is non-trivial because of the system
complexity as well as the subjective nature of video quality assessment. This
paper provides an analysis of IP video service quality metrics with a primary

focus on the need for correlation of viewer perception with network
performance and operation. It gives a top-down impact analysis from the
user’s perspective and then categorizes a set of key quality indicators
(KQIs). The paper further describes a computational model, called the video
quality analyzer, which both verifies and augments the top-down analysis
with a bottom-up experimental realization of the KQI definitions and a
refinement of the theoretical results. The discussion addresses a set of
techniques for measuring video quality with respect to network
performance indicators, network configuration, digital video attributes,

and video content. © 2008 Alcatel-Lucent.

Introduction

Introducing new services based on new technol-
ogy into carrier grade networks is a complex and a
challenging task. Part of this challenge is the task of
ensuring that the quality of services offered continu-
ously meets user expectations and fulfills the demands
of competitive pressures. The work described in this
paper is aimed at expanding the definitions and accu-
racy of measurements for Internet Protocol (IP) video
quality and IP video impairment, with an eye to
incorporating the new standards as they evolve.

There is no commonly accepted set of perform-
ance metrics at a level of detail that supports techni-
cal operations activities. The need for a standardized
set of video metrics is clear from several ongoing indus-
try initiatives: some standards bodies are beginning to

publish early results, and many probe vendors are
introducing techniques for elementary video quality
monitoring. Still, the industry has only made limited
progress so far. One weakness in the currently avail-
able work is the reliance on representing video qual-
ity as a single score—e.g., Mean Opinion Score (MOS)
or Media Delivery Index (MDI). Using a scalar num-
ber to represent all aspects of the video quality impair-
ments has shortcomings—one of these is the lack of
causal information available for follow-on error analy-
sis. Another is the inability of current tools and stan-
dards to integrate subjective viewer perception with
network performance.

This paper discusses the definition of a set of met-
rics to fill this gap and describes a computational
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Panel 1. Abbreviations, Acronyms, and Terms

ATM—Asynchronous Transfer Mode

BL—Bell Labs

CBR—Constant bit rate

DSL—Digital subscriber line

DVB—Digital Video Broadcasting

ETSI—European Telecommunications Standards
Institute

FEC—Forward error correction

GUI—Graphical use interface

IEC—International Engineering Consortium

IP—Internet Protocol

IPTV—IP television

ISO—International Organization for
Standardization

ITU—International Telecommunication Union

ITU-R—ITU Radiocommunication Sector

ITU-T—ITU Telecommunication Standardization
Sector

KPl—Key performance indicator
KQIl—Key quality indicator
MDI—Media delivery index
MOS—Mean opinion score
MPEG—Motion Picture Experts Group
PLR—Packet loss ratio
QoE—AQuality of experience
RTP—Real Time Transport Protocol
STB—Set-top box

TV—Television

UDP—User Datagram Protocol
VBR—Variable bit rate

VQ—Video quality

VQA—Video quality analyzer
VQC—Video quality calibration
VQIl—Video quality indicator
V-QoS—Video quality of service

model, called the Bell Labs Video Quality Indicator
(BL-VQI), which both verifies and augments the top-
down analysis with a bottom-up experimental real-
ization of the key quality indicators and a refinement
of the theoretical results.

Background

The service providers now beginning to imple-
ment new video services are encountering a lack of
standards and knowledge about quality assurance
techniques. The metrics and measurements required
to drive this quality control effort undergo a matu-
ration process in step with that of the technology
being measured. For example, though a single MOS
score is applicable and useful in a voice environment,
it does little to capture the complexity of the video
end user’s quality of experience (QoE), and nothing at
all toward helping isolate or troubleshoot any prob-
lems that might occur. Industry norms and standards
for monitoring and managing services based on new
video technologies and IP-based next generation net-
works are still just beginning to emerge.

Many studies have been published on modeling
the impact network errors have on the quality of digi-
tal video delivery. Early studies were based on asyn-
chronous transfer mode (ATM) networks, whereas
more recent studies base their validation on Internet
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video at bit rates under 500 Kbps. Video bit rate is an
important factor in modeling how network errors
impact video quality [4]. The study by Tao, Apostopolos,
and Guérin [8] offers a practical application of this
model, even though its analysis is not based on high
bit rate video. Meanwhile, Reibman and co-authors [7]
provide a detailed analysis of how packet loss will
impact subjective video quality for high resolution
video, although they do not provide a complete meas-
urement model. Our work provides an application
model and an empirical analysis of the impact of all net-
work errors on subjective quality of broadband video.

Despite the lack of analytic models, in pace with
the growth of IP video service offers, more and more
vendors are announcing new video quality measure-
ment models. One of the few publicly documented
models includes the Media Delivery Index (MDI) from
IneoQuest* [9]. The MDI model does not attempt to
measure video quality but rather gives a measure of
the two key performance indicators: jitter and media
packet loss. Two other video quality measurement
models whose equations have not been published are
V-Factor* from QoSmetrics and VQI from Brix
Networks. Although the video quality measurements
they provide are related to the work discussed in this
paper, based on the public information surveyed,
neither of these models captures true subjective user



assessment using discrete service key quality indica-

tors (KQIs) as classified by this work.

This document contains three sections:

1. IP Video Service Quality Analysis: The Top-Down
Approach briefly discusses the target quality of
experience metrics used for the subsequent work,
and the method by which those targets were
determined.

2. IP Video Network Quality of Service Analysis: The
Bottom-Up Approach discusses the quality of service
network metrics, their definitions, properties, and
the detailed description of how they impact
quality of experience.

3. Bell Labs Video Quality Analyzer Measurement Model
provides a description and some early results
from the implementation of a prototype tool to
capture subjective response to video quality and
correlate that response with concurrent network
health.

IP Video Service Quality Analysis: The

Top-Down Approach
In order to integrate subjective viewer perception

with objective network performance, it is crucial to

begin with a clear view of those factors most critical
to the human viewer. A report on IPTV quality pub-
lished by Multimedia Research Group (MRG) in

February 2007 [2] provides an excellent definition of

the three layers of video service that a network

provider needs to address:

e Quality of experience refers to the overall IPTV user
experience, including application responsiveness,
functionality, usability, and the service context
that surrounds it. Unlike video quality (VQ) and
video quality of service (V-QoS), which are each
subject to measurement and conformance to spe-
cific metrics, QoE is ensured by using a combina-
tion of objective, testable criteria and subjective,
anecdotal criteria that reflect the performance of
the entire IPTV delivery ecosystem.

e Video quality of service refers to the error-free video
delivery from the operator’s facilities to the custo-
mer’s premises.

e Video quality refers to the video content itself.
The work reported in this paper began by defining

these nested quality levels from the top down, that

is, beginning with the customer’s QoE, moving next to
identifying the V-QoS components, and finally isolat-
ing the VQ performance indicators that have the
greatest ability to impair the V-QoS and therefore
the QoE. This approach is more fully described below.

Service Performance Key Quality Indicators
The service performance key quality indicators

(KQIs) are those metrics that best evaluate the per-
formance of the video service, from the point of view
of the end user. The process of selecting a manage-
able set of metrics which are both crucial and rele-
vant to network management is the key to guiding
the subsequent stages of research. In this work, the
scope of investigation was restricted in two ways:

1. We limited our research focus to that portion of
service under the control of an Alcatel-Lucent
customer of average size. Specifically, we looked at
the processing that occurs in the network, between
the encoder and the set-top box (STB). The
content as delivered to the encoder was taken as a
reference value against which subsequent results
could be normalized if needed. Normalization is
not discussed in this paper. At the terminus, the
customer premise configuration is not addressed;
however, where it is possible to obtain STB meas-
urements, these metrics are incorporated into the
video quality indicators, as discussed in the video
quality analyzer description which follows.

2. The paper represents the initial phase of an
ongoing research effort, in which this work was
restricted to address only those KQIs related to
program quality, as opposed to reliability, avail-
ability, or ease of use. Figure 1 shows the scope
of context of the work and the scope of dynamic
error analysis.

Analysis of both emerging standards in digital
broadcasting such as European Telecommunications
Standards Institute (ETSI) Digital Video Broadcasting
(DVB) TR101 290 and International Telecommuni-
cation Union Telecommunication Standardization
Sector (ITU-T) Rec. J, as well as existing standards for
perception of video quality, such as several recom-
mendations in the ITU Radiocommunication Sector
(ITU-R), formed the categorization base for the KQI
definitions used in this research. The resulting set of
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Figure 1.
Scope of modeling.

service performance KQIs is shown in Table I. Key

definitions appear below:

e [mage element loss refers to the loss of macro blocks or
stripes, leading to the appearance of dark or ran-
domly colored square blocks spread around the
image. Image element loss may also include blank-
ing of the image or loss of large sections of the image.

e [mage jerkiness implies that the sequence of images
does not have a smooth transition but rather has
jumpy progression. Longer breaks in motion will
appear as freezing.

e [mage blockiness is the texturing of the image with
small, square patterns. Affected areas of the image
still preserve the original image color and lumi-
nance levels.

Table I. Service performance KQIs.

e Audio impairments include the chirping and clipping
associated with impairment in digital audio signals.

IP Video Network Quality of Service Analysis: The
Bottom-Up Approach

As described
Performance Key Quality Indicators, the service KQI
set is determined by top-down analysis, taking into

in the section titled Service

consideration what a television viewer experiences.
A similar analytic method was used to determine the
initial set of network key performance indicators
(KPIs) and then tested by experimental techniques.
The findings are described in the sections following.

Technical descriptions throughout this work make
frequent references to Motion Picture Experts Group

Service attribute

KQl

PICTURE QUALITY
Measured via gathering of subjective customer ratings

¢ Image element loss

¢ Image jerkiness or progressive freezing

e Image blockiness

¢ Non IP-affected impairment: color, luminosity
problems, ghosting, letterboxing, aspect/zoom
ratio formatting, horizontal/vertical formatting

AUDIO QUALITY
Measured via gathering of subjective customer ratings

e Noise: static, chirping, clipping, distortion

¢ VVolume level fluctuating or inconsistent between
channels

e Sound quality naturalness

¢ Audio channel (mono/stereo/quad) problems

¢ Wrong language

SYNCHRONIZATION

Milliseconds difference between audio frame and
corresponding video frame or between video frame
and corresponding caption frame

¢ Audio + video (lip synch)
¢ Video + program control (e.g., closed
captioning)

KQI—Key quality indicator
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(MPEG)-2 digital video compression. MPEG-2 is an
international standard—International Organization
for Standardization/International Engineering Consor-
tium (ISO/IEC) 13818 and ITU-T H.222 and H.262.
Poynton provides a good, high-level explanation of
digital video compression and MPEG-2 [6].

Network Key Performance Indicators

An important outcome of the work was the identi-
fication of the KPIs that have the most significant impact
on IP video impairments. To measure IP video service
quality accurately, it is important not to overlook any
variable that may have significant impact on quality. At
the same time, the overall quality equation should not
become too complicated by including variables that
have little noticeable impact on video quality. The KPIs
are grouped into three categories: network perform-
ance-related KPIs, network configuration-related KPIs,
and content and service profile-related KPIs.

Determining the KPI set first involved logical rea-
soning using theoretical knowledge of digital video
properties, IP network transmission properties, and the
interplay of the two. The set was then verified with lab
observations and subjective experiments. The result-
ing set of KPIs identified is shown in Table II. The
majority of the KPIs are dynamic measures; the others
(such as transport protocol, shown in parentheses in
Table II) determine the operation of the model.

The scope of this modeling includes characteristics
of the source audio/video and characteristics of
encoders and decoders. The measurement model does
not target real time analysis of errors that may result
from these components, as can be seen in Figure 1.
For example, problems with video streams that arrive
at the video headend must be isolated as a different
domain of analysis. For a second example, configura-
tion of video and entertainment equipment in the
home network may have high impact on video qual-
ity but lies outside the scope of this work.

Network performance. KPIs in the network per-
formance group have the highest direct impact on
video quality when compared to the other two groups
of KPIs and therefore are discussed in detail here.

e Packet loss. Almost all instances of packet loss will
have a measurable impact on image quality. The
visible impact on the result will depend in part on

Table Il. Key performance indicators.

Category Key performance indicators
Network Packet loss
performance Bursty jitter
Reordering
Bit error
(Latency)
Network Decoder buffer size

configuration Decoder type

(Transport protocol)

(Access line bandwidth)

(Access technology)
(CBR/VBR)

Content and
service profile

Video frame size

Coding protocol

Motion

Video bit rate

CBR—Constant bit rate

VBR—Variable bit rate
the error concealment algorithm of the decoder.
With little or no motion in the video, the error
concealment process will hide impairments effec-
tively. Blockiness will be seen at the edges of mov-
ing objects as the decoder tries to recover from
lost packets. Depending on the decoder type, a
panning video scene with no other movement
of objects will typically result in jerkiness of
the image motion. Without error concealment, the
primary service KQI resulting from packet loss will
be image element loss. Error recovery mechanisms
such as forward error correction (FEC) will allow
recovery of lost packets to a certain extent. With
FEC, the system will tolerate a higher packet loss
ratio (PLR) before video quality is impacted.

e Jitter. Video impairments caused by jitter will typi-
cally appear as jerkiness and progressive freezing of
the image. It is frequently mentioned and docu-
mented that the IP packet jitter should be below 10
to 50 milliseconds for the delivery of high quality
IP video (e.g., ETSI's DVB guidelines recommend a
maximum jitter of 40 milliseconds [1]). However,
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in practice, the level of jitter that will impact video
quality will depend on the size of the video buffer
and the bit rate of the video. As an example, a
decoder can typically be configured to buffer more
than 150 milliseconds of video flow at a 6 Mbps bit
rate. Such a system can tolerate jitter levels much
higher than commonly reported—provided it is
bursty in nature so the cumulative delay does not
exhaust the decoder video buffer. In comparison,
without Real Time Transport Protocol (RTP) encap-
sulation of the IP packets, the system will not tol-
erate even a few milliseconds of jitter if there is
possibility of packet reordering.

Reordering. In carrier-grade IPTV networks, packets
traverse a pre-determined virtual path end-to-end.
Packet reordering will occur during transient
events such as a protection switch or when seg-
ments of the network are configured to retransmit
lost packets, and the impact of this re-ordering is
significant. The nature of the impact depends on
whether the MPEG transport streams are encap-
sulated with User Datagram Protocol (UDP) or
with RTP. With UDP, packet reordering will result
in packet loss at the decoder. Even though the out-
of-order packets will eventually arrive at the
decoder, the decoder will not have any means to
use them and will therefore eliminate them.
However, if RTP is used, the information in the
sequence number field of the protocol header will
allow reordering of the out-of-sequence packets,
resulting in the ability to use some portion of the
reordered packets. Note that some will exceed cer-
tain internal buffering or timing constraints and
will therefore still be unusable.

Bit error. Copper lines, often found in the last mile,
are the most common source of bit errors in broad-
band networks. As the use of optical links increases
in the network, bit errors will become less common.
Latency. Because of the unidirectional nature of IP
video service, latency with a small variance will
not have a significant quality impact. However,
large, instantaneous fluctuations in latency (such
as those greater than 150 milliseconds) will impact
quality. A steady level of latency will also affect
the quality of experience because of its impact on
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signaling traffic that is required for channel
change. As a KPI, latency only determines the
operational boundary of the model; it is not inter-
preted as a dynamic variable for KQI calculations.
Network configuration. The configuration of the

network will influence the degree to which network

performance impacts the IP video service quality. For

example, the level of bit errors will become impor-

tant only if the customer’s home network is connected

to the access network via an older copper digital sub-
scriber line (DSL) in the “last mile.”

Key elements in a video delivery network and

their potential impact to video service quality are

described below:

Decoder type. The image impairment artifacts the
user will see will depend strongly on the decoding
process and the error concealment algorithms
implemented by that decoder. Therefore, in this
work, the decoder type has been the first qualifier
for subjective data analysis.

Decoder buffer size. The impact of bursty jitter on
the viewer depends on the size of the decoder
buffer, as the buffer allows the decoder to com-
pensate for changes in the packet arrival time.
Excessive jitter may cause these buffers to over-
flow or underflow, which will typically result in
image jerkiness or progressive freezing.

Transport protocol. As in the earlier discussion of
packet reordering, the transport protocol has a
direct influence on whether decoders can recover
from certain network errors and, more impor-
tantly, has great influence on the measurement
capabilities of the configuration. If MPEG messages
are encapsulated with RTP, then the measurement
of bursty packet loss becomes easier and more
accurate, and the decoder will be able to re-order
packets that are out-of-sequence.

Access line bandwidth. The BL-VQI model takes access
line bandwidth into consideration as a boundary
condition. Considering the current network deploy-
ments, the model assumes a minimum of 2 Mbps
DSL line capacity. This assumption determines the
boundary condition for the subjective experiments.
Access technology. Similar to the access line band-
width, the access technology is also a qualifying



factor in the context of the BL-VQI model. DSL
and optical links are the only access technologies
that are considered in the current model; the
model does not include wireless and narrowband
connections. Copper DSL and fiber will have dif-
ferent quality properties; in a DSL segment, a
quality model should give significant emphasis to
bit error analysis. Use of FEC or proprietary error
recovery techniques will also modify how errors
impact video quality. The “access technology” is
not a dynamic measure but a property that
determines the operation of the model.
CBR/VBR. The dynamic bit rate envelope of the IP
video packet streams affects the overall quality of
video coding. If the video system is configured to
use constant bit rate (CBR) (or capped CBR), then
the encoder will lower the video resolution, gen-
erally in sections of the video with high levels of
motion. With variable bit rate (VBR), those sec-
tions of the video will be kept at the same resolu-
tion level, but the encoder will start sending large
bursts of data into the network. Even if the
encoder is submitting packets to the network
under CBR, any segment of the network can be
configured differently. Because of this effect on the
reference video quality, the BL-VQI model takes
CBR/VBR as a qualifier of model calibration.
Content and service profile. Video content has

many properties, some of which are configurable and

some of which represent the fundamental nature of

the video. The configurable properties include attrib-

utes such as the bit rate, frame size, and frame rate.

Fundamental characteristics of the video include

motion level, complexity of objects, color, and image

texture. These properties are described here:

Video frame size. The width and the height of a
video frame, in conjunction with the bit rate,
determine the compression ratio of the video, as
the amount of coding information that will be
generated and transported per image frame will
be proportional to the frame size. Therefore the
video frame size will be a factor in how signifi-
cantly a lost or damaged packet will impact video
quality: the larger the frame size, the smaller the
percentage of payload each packet will carry.

Coding protocol. There are many commonalities
among the different digital video coding stan-
dards. However, building a video quality model
requires incorporating specific characteristics of a
targeted video coding standard.

Motion. The amount of movement of the image
has significant impact on how well video content
can be encoded, assuming constraints on the
amount of bandwidth available for use. If there is
a large amount of motion in a section of the
video, either much more data has to be gener-
ated to encode that section or the resolution of
the video has to be lowered to stay within the bit
rate budget. Motion also impacts how well error
concealment can be performed by the decoder, as
objects span a greater number of pixels from
frame to frame. If there is not much movement of
the objects in the video, then the error conceal-
ment is simplified by reuse of temporally redun-
dant image data. Since the coding density per
video image frame changes as motion increases,
the video quality for a given transmission error
will also change.

Video bit rate. The overall quality of the com-
pressed digital video is atfected by the coding bit
rate. Here, in the context of network-induced
impairments, the video stream at the ingress of
the network is considered as the reference video.
For the purpose of this paper, the quality of the
reference video is assumed to be the baseline
against which comparison is made and will not
be discussed further. Video coded at different bit
rates will exhibit different quality impairments
when exposed to the same network error. The
type of decoder and its error concealment algo-
rithm will again be a factor in what image artifacts
will be visible on the video monitor. With lower
bit rate video, spatial damage to the image will
be greater; however, since the image resolution is
lower, the decoder’s error concealment effort will
also be more effective. At the same time, with
lower bit rate video, since the reference image
resolution is not very good to start with, the
viewer’s perception of error-induced impairments
may be partially masked.
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Merging the Top-Down and the Bottom-Up
Approaches

Service KQIs are those measurements that evalu-
ate the quality of the experience as perceived by the
end customer. The root cause of any impairment
viewed by the customer, however, lies in the transport
network and the application infrastructure underlying
the particular service. Understanding the relationship
between a service KQI and the network level key per-
formance indicators that can impact that service KQI
is important for:
e Troubleshooting end customer-affecting problems

as this will require knowledge of the root causes

of any impairment.

¢ Modifications to the network can only be made
with an understanding of the impact these changes
will have on the end-customer experience.

¢ Understanding the impacts affecting different
types of IP video impairment will drive selection
of the best set of network KPIs to monitor in
order to maintain service quality.

Mapping Service KQIs to Network KPIs

Figure 2 shows how service KQIs are mapped to
network KPIs. The identification and application of
KPIs for IP video will be the subject of the section
titled Video Quality Analyzer: The Bottom-Up
Approach.

Key performance indicators

Content and service
profiles

Key quality indicators

Network
performance

Network
configuration
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Figure 2.
KPI/KQI mapping.
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e Each service KQI is impacted by more than one
network KPI.

e Not every network KPI will impact a service KQI.
Those network KPIs that do not affect a service
KQI appear in white in Figure 2.

e FEach service will have its own network KQI

mapping.

Empirical Analysis of KQI-to-KPI Mapping

In order to empirically validate the mapping
between service KQIs and network KPIs, an experi-
ment was run to determine a) that each type of net-
work impairment produced the expected image
quality degradation, b) that no network impairment
produced unexpected image quality degradation, and
¢) that levels of impact could be calibrated. That is,
the experiment was designed to measure the imme-
diate effect of errors, both to identify high and low
user perception tolerances and to observe the
KPI/KQI relationships.

A low threshold and a high threshold were defined.
The low threshold identified the point below which the
subjects did not identify errors as noticeable. The high
threshold identified the point above which the video
was considered unwatchable—that is, the point at
which they would have changed the channel if they
were watching the program by choice, not the point at
which no information whatsoever was discernable.
Note that each subject defined this high threshold dif-
ferently; however, this phase of the work was attempt-
ing to measure qualitative not quantitative response.

Some of the findings of these initial experiments
are described in the Results section. The learnings
from the initial experiments helped the design of the
video quality measurement computational models
described below.

Experimental Conditions for Empirical Analysis
of KQI-KPI Mapping

This experiment included three sessions with five
subjects in each session. Experimental method was
improved after each session. A summary of the results
of the last session is shown in Table III. Results in
Table III were tabulated by calculating the 10 percent
trimmed average of the recorded scores.

Sessions were conducted by a controller. As the
subjects watched a video, the controller injected

Table lll. Video quality impairment observation
thresholds.

Network error Low High
Bursty jitter (msec) 44 216
Packet loss (PLR) 0.0004 0.0064
Bursty loss (PLR, 20) 0.005 0.022
Bit error (ratio) 1x1077 8 X 10°°
Bursty bit-error (ratio) 4x1077 4x10°°
Re-order (ratio) 0.0008 0.0032

msec—Millisecond
PLR—Packet loss ratio

network errors that caused impairments on the video.
During the first session, network errors were injected
at equal time intervals, first to find the low-threshold
and then to find the high-threshold regions. Then,
during the last session, the time interval for injecting
network error was set at much smaller increments in
the target regions. The smallest increment for packet
loss ratio was 0.0001; for jitter, it was 10 milliseconds;
for bit error, it was 5 X 107% and for packet reorder-
ing ratio, it was 0.0005.

The controller increased the network error every
12 seconds. Subjects were asked to observe the video
in that interval, and as the network errors increased,
they were asked to identify where they first perceived
impairment (the low-threshold) and where they
would have “changed the channel” (the high-thresh-
old). Subjects were not told the type of network errors
that were being injected.

The subjects watched the video on a 30-inch TV
from a distance of 6 to 7 feet in a room with office
lighting. The sample video was a panning, zooming
mountain view in color, with complex texture, and a
view of the sky. The audio was classical guitar music.

Bell Labs Video Quality Analyzer Model

The video quality analyzer (VQA) system is the
set of computational models that was designed to
measure video quality. These models were specifically
designed to address a weakness in other quality meas-
urement models current in the industry today: the
need to incorporate concrete, objective data with
the subjective, user perception of experienced quality,
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Figure 3.
IP-video measurement system.

and the characteristic instances of different network
configurations. Besides the conceptual design of the
model, the study also includes an experimental,
prototype implementation that was built to demon-
strate the feasibility of the subjective measurement
techniques.

As shown in Figure 3, the design of the model
incorporates both subjective and objective input and
calibrates them relative to each other. This calibration
can then be used, in conjunction with real time mon-
itoring of specific network parameters, to predict the
perceived quality of a real time viewing experience.

Figure 3 shows both the calibration and the
analysis components of the model. The calibration
component in the middle receives two sets of inputs:
1) the subjective assessment of the user, pictured at
bottom right, and 2) the real time performance meas-
urements on the left. By processing both input sets,
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the calibration component generates the calibration
engine, pictured at middle right. The figure also shows
the analyzer component, which measures video qual-
ity during field operation, at the upper right. The ana-
lyzer uses the same calibration engine data set and
the same set of real time measurements as that of the
calibration component.
The VQA system consists of two models:

e The Bell Labs video quality indicator model, and
e The video quality calibration (VQC) model.

The Video Quality Indicator Model

The BL-VQI model defines the transfer function
that maps the network KPIs to the BL-VQI values,
which are the quantitative representations of the
corresponding KQIs. Figure 2 illustrates this KQI map-
ping for many measurable KPIs. Some of the entities
shown on the right side of the figure dynamically
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contribute to the KQI calculations. A significant por-
tion of the subjective component that impacts viewer
experience is not feasible to measure in real time.
However, the BL-VQI component of the model incor-
porates this subjective score by using an innovative
correlation technique, captured in the VQC.

The output of the BL-VQI component is a scalar
value from 0 to 100, where O indicates the lowest
video impairment level (highest quality) relative to
the condition of the reference video, and 100 indi-
cates the highest level of video impairment. Some-
where inside that range, a low threshold defines the
level of quality impairment which is perceived to be
negligible and a high threshold which identifies the
quality impairment level above which the service is
not considered usable.

Video Quality Calibration Model

The purpose of the calibration model is to create
instances of the data set used to correlate the objective
and subjective data against the known video seg-
ments. This data set is called the calibration engine.
Each calibration engine instance is built for a specific
decoder profile using subjective human scoring as one
of the key inputs.

As shown in Figure 4, the calibration model is
made up of nine components. At the one end, the out-
put of the model is the calibration engine. The other
end is a video source sending video streams into the
simulated network by an encoder. The network is
made up of devices that simulate transmission errors in
the sample video stream. The decoder picks up the
impaired video stream on the network and decodes
and displays the video on a video monitor. Simu-
Itaneously, a real time network monitor listens to the
same video stream on the network. The network mon-
itor compiles a KPI data set from the measured values
and sends it to the calibrator. The calibrator computes
and fuses together the KPI values and the human sub-
jective scores to build the calibration engine.

Video Quality Analyzer Design

The models and the KPI sets described in the ear-
lier sections have been successfully implemented as an
operational prototype. As shown in Figure 5, the
VQA system has three main components: the video
quality monitor (VQ monitor), the video quality cal-
ibrator (VQ calibrator), and the video quality analyzer
(VQ analyzer).
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VQ Monitor

The primary role of the VQ monitor module is
measurement of network performance and digital
video stream analysis. Commercial implementations
of this module are commonly known as probes. The
VQ monitor captures IP packets that carry digital
video content and parses them to extract perform-
ance measurement information. Periodically, the VQ
monitor calculates statistical results of the last meas-
urements interval. At the end of the statistical calcu-
lation, an instance of the KPI value set is transmitted
to the VQ analyzer.

VQ Calibrator

The keystone of the VQA system is the VQ cali-
brator. It is the module that creates the calibration.
The calibration engine is built based on real time
viewer feedback during subjective scoring sessions.
The VQ calibrator builds the calibration engine by fus-
ing the KQI value instances and auxiliary data with
the viewer’s quality assessment score. The constructed
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data structure becomes an instance of the calibration
data vector:

v={K A w, q}

where K is an instance of the KPI set, which includes
elements such as packet loss and jitter; A is an
instance of the auxiliary data set, which includes ele-
ments such as the timestamp, description field, KQI
identifier, and data version; w is the multiplicity of
the instance vector, the weight; and ¢ is the VQI score
of the subject.

The calibration engine is comprised of a large col-
lection of calibration data instance vectors:

C:{Vi’l.EN}

A new instance, a new version of the calibration
engine, is created at the end of each subjective scoring
session. Post-session processing includes preparation
of the calibration engine data for use by the VQ ana-
lyzer. The preparation process includes putting the



tuples of the calibration data vector in a specific order
and sorting them. The calibration data vector is
expressed as an ordered set of tuples:

Vi = { Vit Vio, Vi, + -, Vig}

where k is the maximum number of tuples in the
vector.

If Csis the collection of new instance vectors gen-
erated in a new calibration session, then the new
instance of the calibration engine will be:

C=C ,UC,jEN,j>1
C; = sort(C’)

where j denotes the instance of the calibration

engine.

When the calibration engine reaches a maturity
point for a given set-top box (STB) profile with enough
data points, then it is used by the VQ analyzer to gen-
erate KQI values from real time KPI measurements.

Calibration process. The calibration process used to
create an instance of the calibration engine captures
viewers” assessment of video quality and stores it for
later use. As the KQI-response-profile for a given KPI
input is different for each STB type, every calibration
session must be performed for a target STB profile.
The process proceeds through the following steps:

1. Training. The viewers are given a) the definitions
of image element loss, image jerkiness, image
blockiness, and general audio problems; b)
audio/video samples of each type of impairment;
and c) explanation and practice using the capture
tool graphical user interface (GUI). Viewers are
not given any instructions on what KQI levels
might be associated with which level of impair-
ment artifacts on the video screen.

2. Video display. Each subject (the viewer) is shown
a random segment of a randomly selected
video. As the subject views the video, errors are
injected to the network, but the viewer is not
told when the errors are injected or what type
of error is injected. There is no target level of
precision for error rate increments; the higher
the precision the more accurate the calibra-
tion engine becomes. However, the higher
the precision, the longer the subjective sessions

will be, increasing the cost of the calibration
process.

3. Subjective scoring. The viewer uses a special
purpose scoring tool GUI to express his or her
assessment of the noticability of the video impair-
ments in terms of KQI values. Assessment is
given for each segment of video display, signaled
via audio-visual indicators on the scoring tool.
The viewer records his or her quality assessment,
on a scale from 0 to 100, by moving slider bars
that correspond to each KQI.

VQ Analyzer

The VQ analyzer module is the unit used in the
field to provide video quality measurements. The VQ
monitor monitors the target network and periodically
sends real time KPI measurements to the VQ ana-
lyzer. When the VQ analyzer receives the KPI values,
for each KQJ, it executes a query on the calibration
data set to find a matching vector instance from which
the KQI value can be determined. Once the value is
determined, the VQ analyzer displays the value to the
network operator. If no exact match is found, a linear
interpolation is done to generate the KQI value.

Video Quality Analyzer Prototype
Implementation

The models and the KPI sets described in the earlier
sections have been successfully implemented as an
operational prototype. The purpose of the prototype
and the accompanying experiments was to demonstrate
the feasibility of building a video quality measurement
system that could incorporate subjective response.

VQ Monitor Implementation

The VQ monitor implementation was based on a
2004 proof-of-concept implementation by our col-
leagues Mark Smith and Suryanarayan Perinkulam.

The VQ monitor module captures IP packets on
Ethernet links using an open source library module
called libpcap for the Linux* platform and WinPcap*
for the Microsoft platform.

The UDP packet loss analyzer module of the VQ
monitor used a special-purpose algorithm to compute
bursty loss using only 4 bits of the continuity counter
in the MPEG message (typically there are 7 MPEG
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transport stream messages in one IP packet, so the
value wraps around within the third message.)

Typically, the VQ monitor was configured to per-
form statistical calculations at 10 second intervals. At
the end of the interval it transmitted the measure-
ment results to VQ analyzer (and to VQ calibrator
during calibration.)

VQ Calibrator Implementation

VQ calibrator was implemented as a Java* appli-
cation. It provided a complex graphical interface that
allowed the recording capability during subjective
scoring sessions. The implementation used a flat-
file as the repository for the calibration engine data.
The VQ calibrator listened to the VQ monitor on an IP
port to receive objective, real time measurements.

VQ Analyzer Implementation

The VQ analyzer implementation shared the same
Java platform with the VQ calibrator. The same graph-
ical interface also served both the analyzer and the
calibrator. Its interface had the capability to display
the BL-VQI results as graphic charts. The VQ analyzer
used the calibration engine data generated by the cal-
ibrator. It also received objective measurements from
VQ monitor via IP messages.

Experimental Conditions

Sample videos included commercial films such as
Amadeus, Shrek*, and Star Wars*, as well as music
videos. The bit rate of the stream was approximately
6 Mbps Capped VBR. Encoding was MPEG-2 trans-
ported using UDP protocol. Sessions lasted 20 to 30
minutes. During the sessions, a random segment of a
randomly selected film was played continuously. The
statistical calculation interval was 10 seconds. Subjects
watched a 30-inch TV from a distance of 2.5 feet
while using the VQ calibrator computer program.

In the lab configuration, a custom-built applica-
tion and a commercial product made up the network
simulation unit. The application was capable of gen-
erating fixed packet loss, bursty packet loss with fixed
or variable loss length, packet loss with specific MPEG
frame damage with control of payload or header dam-
age, packet reordering errors, bursty jitter with or
without video stream flow control, and packet loss at
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specific points of a video stream. One important fea-
ture of the custom application was the automatic
scheduler with graphical controls, making it possible
to conduct subjective scoring sessions in a short time
with minimal need for a session facilitator. The appli-
cation was configured to change the level of network
errors on a continuous scale. Since the application
generated impairment based on statistical models, in
multiple sessions, any random error level could
be generated. The PLR was processed at 0.00001, but
the timing accuracy of the application was limited
by the general purpose operating system platform.

Results

While digitally compressed video may have many
subtle artifacts [10], and the accurate subjective test-
ing of these artifacts requires careful control of many
variables [3], the video quality impairments caused
by network transmission errors are typically of gross
granularity. At the macro block level they are not
subtle image errors, such as color bleeding or blur,
and therefore it is easier to conduct subjective and
objective tests to detect these types of errors.

Noticeability Threshold Measurement Results

The experiments on the noticeability thresholds
showed that there is a negative correlation between
burstiness for a given PLR and video quality impair-
ment. Bursty packet loss will have less impact on
video quality than non-bursty packet loss at the same
loss rate. (In the measurement model, burstiness was
interpreted as a loss length greater than one in a loss
period.) Since, on average, each IP packet will carry
several micro blocks of one frame of the MPEG-2
video stream, multiple packet losses with a small
loss distance will result in loss of consecutive macro
blocks. Since image errors such as those resulting
from bursty packet loss are temporally and spatially
localized, the resulting image impairment will be less
perceptible. With the loss of 20 consecutive packets,
the experiment measured viewer tolerance as accept-
ing up to 10 times more average packet loss than the
packet loss of single, scattered packets. Analytic and
objective models may produce an outcome predicting
that burstiness increases image distortion, as in



100 I
90 L
o7 9 s,
o 1kl
g ol ] Al
oo | I [N CTB
N °
ol I8 \79
D EE 54
0'?8 T T |25 ég| T s T T T |!)
Packet loss %
(a) Image loss
100
79
ool I 7 o7y 7500
I l“\ 2 // ? /’5 |
g O A= T
2 200 17 - afl Illé
il i | iy )
fg & & 58 ]
0"?‘p T 3¢ T él T L(I T T T
Packet loss %
(c) Blockiness
BL—Bell Labs
VQI—Video quality indicator

100

o o
01— AT
0 AEES;
/d
o 60 o
2 0T \ 7]
30 - il o [l
20 \ i °
10:3/EF !g
0 T T T T T T T T T
o n - n o n m n < n n
S o = 5 N o m o ¥ o
o o o o o
Packet loss %
(b) Jerkiness
100
90
o 4
a 60
g o kPl o
o 40 I
30 \W O C)Q
20
10
0 T T T T T T T T T
° 8 5 £ 38 3 &8 3% 8
o o o o o

Packet loss %
(d) Audio impairment

Figure 6.
BL-VQI outputs for packet loss.

Liang’s 2003 study [5]. However, within the bounds
and limitations of the relatively simple testing
environment, experiments showed that bursti-
ness significantly decreases the perceived level of
impairments.

Another observation the threshold experiments
provided was that bit error impact on the MPEG pay-
load (as opposed to the header) is one of the rare
error types that may slip through the error conceal-
ment step, unless a decoder is configured to verify
error checksums of the IP packet and the MPEG video
payload. Note that not all decoders actually perform
this function. Decoders provide some level of error
concealment to repair image data loss resulting from
network errors. However, where error concealment

does not occur, bit errors will appear as image
element loss (missing stripes and macro-blocks) on
the video monitor.

VQA Prototype Implementation Results

Results from experiments conducted with 25 sub-
jects are shown in Figure 6. The figure shows the
sample BL-VQI output set for packet loss values
between 0 and 0.005 PLR. The black line in the dia-
gram shows the linear trend line. All of the results
show the expected positive correlation between
packet loss and all of the KQIs.

Results from the observation of a single subject
viewing two different decoders are shown in Figure 7.
One of the decoders is an AmiNET110* STB, and the
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BL-VQI comparison for different decoders.

other is the software-based VLC media player (VLC).
The data shows the BL-VQI output versus PLR
between 0 and 0.006, with all other KPIs kept within
a small range. As expected, the linear trend lines
reflect differences between the two decoders. The
VLC’s linear constant for image element loss is about
15 percent higher than that of the STB, due to the
fact that the STB’s error concealment function elimi-
nates image element loss or makes it appear as
regional blockiness. Readings for jerkiness also show
about a 20 percent difference between the two linear
trends. This is because certain panning video scenes
displayed considerable jerkiness as the STB tried to
recover lost image components. By comparison, read-
ings for blockiness show the reverse trend—the VLC
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does not perform image processing to recover from
errors, and thus no regional blockiness is observed.
Audio impairment has a very small average difference
from the linear trend constants because audio pro-
cessing is similar in both decoders.

Large variance in the data sets is seen due to sev-
eral factors. First, real time results displayed by the
VQ analyzer are driven by more than 16 KPIs
processed simultaneously as a vector; plotting BL-VQI
output values for a single KPI (as in Figures 6 and 7)
requires filtering a considerable amount of exp-
erimental data. For example, there will be a wide
range of BL-VQI output values for a given packet loss
value, depending on the level of motion in the video.
Second, the accuracy of the KPI measurements sent



by the experimental probe prototype affects the BL-
VQI output accuracy. Third, the instructions given to
early test subjects and the lack of experience with the
measurement tool affected the consistency of their
responses.

However, the main goal of the experimental
implementation of the BL-VQI model was not to
determine concrete subjective levels, but to demon-
strate the feasibility of building a quality measure-
ment model based on subjective techniques. Despite
the limitation of the experimental platform, it was
possible to see the expected correlation between the
KPIs and the KQIs that were identified in the analyt-
ical study. The results also demonstrated how different
decoders handle network errors and how this can
impact the video quality in different ways.

Summary and Conclusions

The purpose of this work was to provide a theo-
retical basis for a mature video quality measurement
model, and to test that model in practice. The results
of the experimental phase show both intuitive and
non-intuitive results—for example, the subjective
response to jitter was in line with expectations; the
subjective response to bursty packet loss was not.

There are numerous factors in play in determin-
ing what the user experiences. Only part of what the
viewer sees can be measured by objective techniques;
a large part of perceived quality is based on subjective
assessment. In this study, some inroads were made in
capturing the subjective components of this complex
ecosystem. It was possible to demonstrate the feasi-
bility of implementing a system that can model key
components such as the STB and the characteristics of
video content, as well as the network performance
and quality.

While expected trends were present, the overall
level of variance in many of the results indicates the
need for a larger and better controlled subjective sam-
pling. The video model that was presented with this
work will be further refined as real world data is
observed and collected in the field, working with large
service providers and additional test subjects. Moving
forward, efforts will focus on improving the accuracy
and feasibility of subjective testing, and enhancing

the model with advanced objective video measure-
ments.
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