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Abstract

The objective evaluation of the audio performance of non-linear processes such as
data reduction has required the development of a new generation of perception based
assessment algorithms. In the future it is expected that a large proportion of communications
traffic will be wideband and multi-media. In developing objective techniques to assess
multi-media systems it is necessary to investigate, and model, the dependencies which exist
between audio and visual perception. This paper reports an experimental investigation into
combined audio/video perception and proposes an algorithmic basis for a multi-sensory
perceptual model.

1.0 Introduction

Reliable objective assessment of perceived performance is required for optimal
design, commissioning, and monitoring of quality. Non-linear processes such as data
reduction have necessitated the development of a new generation of objective assessment
algorithms, Conventional engineering metrics do not take adequate account of the properties
of the human receiver, and new perceptually motivated techniques have started to emerge.
As advanced Telepresence, virtual reality and MM (Multi-Media) applications and services
become widely used a multi-sensory perceptual model will be required. This paper reviews
recent advances in single sense perceptual models, reports an early experimental
investigation into cross modal dependency, and proposes an algorithmic basis for a multi-
sensory perceptual model.

Perceptually motivated audio assessment is relatively advanced and numerous
models have been proposed for objectively assessing both high quality audio, e.g. [1] and
telephone speech quality, e.g. [2,3]. Visual perceptual models which reproduce the gross
psychophysics of vision are also described in the literature, usually specialising in particular
aspects of visual perception, e.g. [4,5]. Models of the individual senses do not reproduce the
full complexity of human perception but rather allow signals to be transformed, taking
account of the dominant psychophysics, to provide a more perceptually relevant
representation of the signal. In this way parts of the signal which are imperceptible are
weighted down and parts of the signal which coincide with peaks in sensory sensitivity are
weighted up. The value of this approach is highlighted by the success of perceptually
motivated codecs which achieve data reduction by exploiting the perceptual significance of
signal components. Higher level perceptual issues certainly have a bearing on opinions
expressed by subjects, but the capacity to exploit basic sensory performance remains. This is
our aim for multi-sensory analysis where low level cross-modal effects can be usefully
measured and modelled with high level cognitive issues dealt with by constraining ourselves
to particular application scenarios.

1.1 Auditory perceptual models

In order to determine the subjective relevance of errors in audio systems, and
particularly speech systems, assessment algorithms have been developed based on models of
human hearing. The prediction of audible differences between a degraded and reference
signal can be thought of as the sensory layer of a perceptual analysis, while the subsequent
categorisation of audible errors can be thought of as the perceptual layer. Models for
assessing high quality audio, e.g. [1], have tended only to predict the probability of detection
of audible errors since any audible error is deemed to be unacceptable, while early speech
models have tended to predict the presence of audible errors and then employ simple

distance measures to categorise their subjective importance, e.g. [2,3,8]. It has been
previously shown [7] that a more sophisticated description of the audible error provides an
improved correlation with subjective performance. In particular, the amount of error,
distribution of error, and correlation of error with original signal have been shown to
provide an improved prediction of error subjectivity.

Figure 1 shows a hypothetical fragment of an error surface. The error descriptors
used to predict the subjectivity of this error are necessarily multi-dimensional, i.e. no single
dimensional metric can be contrived to map between the error surface and the corresponding
subjective opinion. The error descriptors, E,, are in the form:

Ey Hm:_."mﬁ._.vv
where fn, is a function of the error surface element values for descriptor 1. For

example the error descriptor for the distribution of the error, Error-entropy (Ee), proposed in
[7] was given by:

e~ s

m
Ee= M.. a(i,j) In a(i,j) where a(i,j) = |e(i,j)| / Ea
i=1 j=1

and Ea is the sum of |e(i,j)| with respect to time and pitch.
Opinion prediction = fn, {E,;, Ey, ..., B}

where fn, is the mapping function between the n error descriptors and opinion scale
of interest.

It has been shown that a judicious choice of error descriptors can be mapped to a
number of different subjective opinion scales [9]. This is an important result since the error
descriptors can be mapped to different opinion scales which are dominated by different
aspects of error subjectivity.

1.2 Visual perceptual models

Visual perceptual models are also under development and several have been
proposed in the literature, e.g. [4] which proposes the use of Gabor functions to account for
the inhibitory and excitatory influences of orientation between masker and maskee, and [5]
in which the authors use a simple image decomposition into edges, textures and
backgrounds. However, most of the published algorithms only succeed in optimising
individual aspects of model behaviour; [4] provides a good model of masking, and [5] a first
approximation to describing the subjective importance of errors.

An approach similar to that of the auditory perceptual model has been adopted at BT
Labs. A sensory layer reproduces the gross psychophysics of the sensory mechanisms:

(i) spatio-temporal sensitivity known as the human visual filter, and
(i1) masking due to spatial frequency, orientation and temporal frequency.

The subjective testing undertaken to validate this model is the subject of a separate
publication which is in preparation at the time of writing.

Following the sensory layer the image is decomposed to allow calculation of error
subjectivity according to the importance of errors in relation to structures within the image,
as shown in Figure 2. If the visible error coincides with a critical feature of the image, such
as an edge, then it is more subjectively disturbing. The output from the perceptual layer is a
set of context sensitive error descriptors which can be weighted differently to map to a
variety of opinion criteria.
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chosen to be noticeably worse than the first. These six video degradations (3 types, each at
two levels), together with an undegraded condition and one with no-video gave us our 8
video degradations.

The four audio conditions used were:

= No degradation

* Band-limited telephone bandwidth (300-3500 Hz)

* MNRU (Q=20 dB) Modulated Noise Reference [14]'. This adds noise
proportional to the amplitude of its input signal. It is a
widely used degradation in audio experiments, and is
designed to simulate the effect of tandemming PCM systems.

* Band-limited a combination of the above, where the band-limiting
and MNRU was performed and then the band-limited signal was passed
through the MNRU.
2.4 Experiment design

In order to provide statistically verifiable results, a formal balanced design was used,
using Graeco-Latin squares. This design methodology uses a pair of squares; one defining
the order in which the source material is seen, and the other defining the degradations
applied. The use of a Graeco-Latin square design ensures that over the experiment as a
whole, all possible combinations of source material and degradations are used once and only
once. It also ensures that each subject sees every piece of source material once only, and
each degradation once only, and that for each subject the combination of source material and
degradations is unique.

In total 32 subjects were used, each completing the experiment twice, once being
asked a question on audio quality only, and once on overall quality. Half the subjects were
asked the audio question first, and half were asked it second to provide balance across the
experiment. All the subjects were non-expert and selected at random from the BT
Laboratories subject database. People directly involved in video work were excluded.
mp__E.nﬂm were asked to wear their glasses if they normally use them whilst watching
television.

All the material for the experiment was pre-processed through each of the
degradations and stored on Hard disk. This allowed a custom program to control the
experiment, and accept and store the subjects' opinions.

2.5 Experimental Procedure

For this assessment, the subjects were seated in a chair directly in front of the screen,
at a distance of SH (5 times the vertical height of the screen). A pair of speakers, one either
side of the screen were used to playback the audio commentaries.

The room in which the subjects were seated was an acoustically treated environment
with an ambient noise level of less than 30 dBA, to minimise noise masking effects. The
ambient light level at the viewing position (with the screen off) was 36 lux. The screen was
calibrated using an intensity probe while producing a reference grey level of 57 cd/m?,

All the subjects were given the same instructions at the start of the experiment. They
were told that they were to watch a series of Virtual Reality Fly-Throughs and at the end of
each fly-through they would be expected to give their opinion of its quality. Depending
whether the session was for audio or overall quality, the wording of the question was:

! The algoritm used was taken from the ITU Software tools library and applied directly to the
commentries sampled at 44.1kHz. Strictly speaking, this is outside the design limits of the software,
which has been designed for use with speech sampled at 8 or 16kHz. However it still provides an
algorithmically defined degradation which was all that was required for this experiment
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Your opinion of the overall quality of the clip
Your opinion of the audio quality of the clip

For both of these questions, the permitted answers were those used in the ITU
Recommendation P.800 [15] for the Quality Scale:

Excellent
Good
Fair
Poor
Bad

The questions and the permitted answers were displayed on the screen after each clip
had finished, and the subject spoke their opinion which was then entered by the operator into
the control computer (and visually confirmed to the subject). The first four presentations
were preliminaries to acclimatise the subjects to the experiment and provide a constant
conditioning sequence.

2.6 Experiment results

The first stage in reviewing the results of a subjective experiment is to review their
statistical validity. As we used a balanced design methodology, the use of analysis of
variance (ANOVA) is ideal, as this allows us to estimate the experimental error and
determine which of the factors within the experiment (such as subjects, degradations,
presentation orders, etc.) have a significant effect on the results.

Once the analysis of variance has been completed, the scores can be averaged across
the factors to yield Mean Opinion Scores (MOS's) within any constraints dictated by the
ANOVA process.

2.6.1 Analysis of Variance -
An analysis of variance was performed on the results. The key points from which
were:

* Subject variations were significant. This is an expected effect, due to the random
sampling from a larger population. Although the fact should be noted, scores can
still be averaged across subjects if they are considered, as is the case here, to be a
representative sample of the larger population of interest.

* The order in which the subjects saw the material and the degradations did not
have a significant bearing on the results. This was as hoped, as the order in
which each subject saw the material and degradations was both unique and
randomised to minimise this effect.

*  The variations caused by the degradations significantly affected the results. This
was expected, as it is these variations which the experiment was designed to
investigate.

* The question asked (audio or video quality) had a significant effect on the
resulting scores, as expected.

* The ordering of the questions (whether a subject did the audio or the overall
question first) also significantly affects the results.

+ The material to which the degradations were applied also significantly affected
the scores. This was an expected effect, as the video material was computer
generated and some of the clips contained more artefacts due to this process than
others. Also, the use of the two different talkers will account for some of this
variation. This effect was small compared to the variations due to the
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4.0 Discussion and Conclusions

This paper has introduced the requirement for a multi-sensory perceptual analysis for
the objective assessment of MM systems. Part of the requirement for such an analysis is
knowledge of the dependencies which exist between audio and video components. The
important influence of higher level perceptual factors such as task and utility is also
recognised.

Existing work on single sense perceptual analysis is summarised and attention is
drawn to the advantageous nature of the BT Labs perceptual models which provide error
descriptors which may be mapped to a variety of opinion scales. Knowledge of the
relationship between audio and video perception, as well as specific task related influence
on error subjectivity is required to complete the multi-sensory model. A subjective
experiment to investigate aspects of inter-sensory dependency is reported and results shown
which reveal a falling perception of audio quality with deteriorating video quality in certain
circumstances.

The size and complexity of the overall modelling task is discussed and a strategy
proposed to render it tractable. Gross inter-sensory dependency can be modelled and
included in a multi-modal model while aspects of higher level task dependency are included
as scenario specific weightings. An outline model structure incorporating these concepts is
proposed.

In developing objective techniques to assess multi-media systems it is necessary to
investigate and model the dependencies which exist between audio and visual perception.
These complicated interactions can be rendered more manageable by constraining the scope
of the investigation to a small number of relevant application scenarios. As with audio only
models there are gross effects which can be measured modelled and exploited ahead of a
complete description. At the time of writing a further series of experiments on talking heads
is being conducted. This will allow the A/V relationships with visual speech to be compared
with those for non-talking head material (within the experimental paradigm chosen).

Conclusions which can be drawn from the experiment reported include the
deterioration of perceived audio performance with deteriorating video and the large
influence of video performance on the subjects overall opinion. The relatively small
influence of video quality on perceived audio performance in certain circumstances is a
useful result since it provides an indication of where predictions from the audio only model
will continue to provide an adequate prediction.

The architecture of BT Lab.’s perceptual models lends itself to multi-sensory
combination due to explicit multidimensional description of error subjectivity. An outline of
a multi-sensory model is proposed and further development is planned. What is apparent is
that for a majority of applications both in the communications and entertainment industry
separate evaluation of audio or video quality is likely to become of limited value.
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