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Abstract: PEAQ (Perceptual evaluation of audio quality) is an international standard for quality prediction of wide-band
audio codecs (coder - decoder) according to ITU-R BS.1387, developed by an international consortium of leading audio
quality experts in 1999. The commercially available implementation of PEAQ offers two analysis models (basic and
advanced) with different algorithmic complexity. This contribution compares predictions obtained from PEAQ with
quality evaluation results from previous listening experiments employing a trained panel of 39 expert listeners. The
evaluated stimuli were generated using a proprietary sub-band ADPCM (Adaptive Differential Pulse Code Modulation)
codec for digital wireless transmission with multiple settings and various audio signals (bass, orchestra, speech, triangle,
trumpet, and vocals). In addition to two commercial PEAQ implementations, the comparison includes an open-source
implementation of ITU-R BS.1387. While PEAQ predictions can be used to identify tendencies in the lower quality range,

they seem to be less sensitive to quality differences at the upper-end of the grading scale.
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1. INTRODUCTION

Lossy audio compression is used in digital communication
systems or audio applications, such as wireless microphones
and headphones. Such lossy audio coding algorithms usually
take advantage of the properties of the human auditory
system and the reduction in bit-rate is achieved by removing
redundant and perceptually irrelevant data from the audio
signal. Thus, the introduced coding error (difference
between decoded and reference signal) is physically present
but may be inaudible due to its spectro-temporal distribution.
As conventional measures, such as signal-to-noise ratio
(SNR) or average spectral distortion do not reliably relate to
the perceived audio quality, the need of conducting formal
listening tests is evident. In the ITU-R recommendation
BS-1116 [1] a procedure for subjective assessment of small
impairments in audio systems is suggested. It recommends
a double-blind triple-stimulus with hidden reference test.
During the test, subjects are asked to rate the differences
of the test stimuli compared to a reference signal on a five
grade impairment scale ranging from very annoying to
imperceptible.

However, formal listening tests are generally time consum-
ing, expensive and require a large enough listening panel.

Thus, a technical measurement method that models the actual
perception is preferred, especially during the development
process of a codec (encoder-decoder).

More than a decade ago, the perceptual evaluation of audio
quality (PEAQ, [2] [3]) was approved by the ITU-R commit-
tee as a technical method for assessing the perceived audio
quality that is based on a model of the human auditory sys-
tem. The proposed method outputs the objective difference
grade that should relate to the results obtained from a formal
listening test. But how do the results correlate and are there
limitations when using PEAQ? These questions may be an-
swered by comparing audio quality ratings obtained from a
previously conducted formal listening test [4] against ratings
from three different PEAQ implementations, where two of
them are commercially available [5] and one is open-source
[6].

This paper is arranged as follows: Section 2 gives a sum-
mary of audio quality assessment methods (formal listening
tests and PEAQ). In the subsequent section, we compare
data from a listening test against predictions from the PEAQ
implementations. Results are shown for different audio sam-
ples as well as for a combined sample pool consisting of
159 items overall. Finally, the paper is summarized and
concluded in section 4.



2. AUDIO QUALITY ASSESSMENT

Besides computational complexity and overall latency, the
achievable audio quality is the key factor when evaluating
the performance of an audio codec. Methods for assessing
the perceived audio quality include formal listening tests or
a technical measure that predicts the perceived audio quality
by modelling the human auditory system. Both methods
compare the perception of a processed signal against an
unprocessed reference signal (see Fig. 1) and give the overall
audio quality as output measure.
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Fig. 1. Concept of audio quality evaluation.

2.1. Listening experiments

The recommendations in [1] address the selection of test
materials and the listening panel, as well as the test method.
A double-blind triple-stimulus with hidden reference method
has been found to be most sensitive to small quality differ-
ences yielding robust results. Thereby, the reference signal
is always available as stimulus REF, while the hidden refer-
ence and the test signal are randomly assigned to stimulus
A or B. During the test, subjects can switch between the
three presented stimuli (REF, A, B) and are asked to assess
the quality differences of stimulus A or B compared to REF,
respectively. The quality assessment of the hidden refer-
ence stimulus allows for simple screening of intra-subject
reliability. A five-grade continuous impairment scale form
imperceptible/very good (5) to very annoying/very bad (1) is
used for quality ratings and any perceived differences shall
be interpreted as a decrease of audio quality. An exemplary
graphical user interface (GUI) is depicted in Fig. 2.
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Fig. 2. GUI from listening experiment: Double-Blind Triple-
Stimulus with Hidden Reference method on a 5-point con-
tinuous scale from very bad (“sehr schlecht™) to very good
(“sehr gut”): Rate the quality of the stimuli A and B. As
reference, there is a stimulus with very good quality given.

2.2. PEAQ - Perceptual Evaluation of Audio Quality

The PEAQ recommendation incorporates two different
versions [2]. The basic version is intended for cost-efficient
real-time applications, whereas the advanced version is
intended to yield the highest possible accuracy. Both
versions generate multiple model output variables (MOVs)
that are fed into a neuronal network that computes the final
quality measure.

The MOVs used in the basic version are computed using
an FFT-based ear model and overall 11 different MOVs
are used for the prediction of the perceived audio quality.
The advanced version uses both MOVs calculated from a
filter-bank-based and an FFT-based ear model, but only 5
MOVs are considered to compute a single quality estimate.
The neuronal network that maps the MOVs to a final
prediction of audio quality was calibrated using data
from various formal listening tests that were conducted in
accordance to the ITU-R BS-1116 methodology. Validation
tests showed a slightly higher accuracy for predictions of
the advanced algorithm than for the basic version. Overall,
correlation between results from listening tests and PEAQ
predictions is in the range of 80% [3].

For further reading and exact definitions of MOV, settings
of FFT-based and filter-bank-based ear models, as well as
the used cognitive model the reader is referred to [2].

3. COMPARISON OF LISTENING TEST RESULTS
AND PEAQ PREDICTIONS

In order to find out whether the PEAQ measures can be
used by a developer of audio codecs to reliably compare the
performance of different codecs or different settings for one
codec, we compare the audio quality ratings obtained from
a formal listening test (abbreviated as LT R) [4] against the
ratings obtained from three different PEAQ implementations
(abbreviated as PEAQ,, PEAQ,, PEAQ.). PEAQ, and
PFEAQ)y are commercially available [5] implementations of
the advanced and basic PEAQ algorithms, and PEAQ). is
an open source implementation [6] of the basic algorithm,
respectively.

Performance metrics are computed using PEAQ predictions
and the median value of the subject ratings and they include
the coefficient of determination (12), the mean squared error
(MSE) and the slope of the regression line (3). For visual
evaluation, the LTR (median of subject ratings) are plotted
against the PEAQ predictions.

The conducted listening test [4] evaluated the audio quality
of a codec that incorporates a proprietary sub-band ADPCM
(Adaptive Differential Pulse Code Modulation) algorithm
and achieves an end-to-end latency below 5 ms. Internally,
the sub-bands are quantized independently with adjustable
resolutions. Thus, the aim of the listening experiment was to
determine the most efficient combinations of resolutions in
all frequency bands for each sound, i.e. the smallest overall
bit rate necessary to obtain a certain degree of audio quality.
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Fig. 3. Relationship between LTR and PEAQ results for entire sample pool consisting of 159 items. Gray dashed line

indicates perfect correspondence.

Six different sounds from the EBU SQAM recordings [7]
were tested: bass, orchestra, speech, triangle, trumpet and vo-
cals. In accordance to the ITU-R BS.1116 [1], a double-blind
triple-stimulus with hidden reference method with ratings
on a 5-point continuous scale (see Fig. 2) was used for the
second experiment. The stimuli were presented over STAX
SR4040 IT headphones at a level of 70 dB Leq(A). A prelim-
inary test allowed for a limitation of the trial number to 159
and yielded a duration of the experiment of approximately
one hour. The listening test was carried out with a trained
expert listening panel of 39 subjects [8, 9, 10]. In only 0.9%
of the trials, the original reference sound was not rated with
the highest possible quality. A detailed description of the
listening test can be found in [4].

3.1. All Sound Samples

In this section the correspondence between LTR and PEAQ
predictions is analyzed for the entire sample pool consisting
of all 159 items (all 6 different sound samples). Fig. 3 de-
picts the median values of quality ratings in dependence of
the corresponding PEAQ values. Clearly, perfect correspon-
dence between PEAQ predictions and LTR is not obtained
by any implementation, as not all data points fall on the main
diagonal (marked as gray dashed line). In detail, squared
correlations between LTR and the three PEAQ predictions
are 0.49, 0.52 and 0.25, respectively.

It can be seen in Fig. 3(a), that predictions from PEAQ,
(advanced algorithm) tend to overrate audio quality. This
tendency is underlined by the distribution of the quality rat-
ings, cf. Fig. 4: Approximately 65% of ratings are clustered
between 4 and 5, whereas experienced listeners rated only
about 18% of audio items as having good to very good audio
quality.

Approximately, 80% of predictions form PFE AQ)y (basic al-
gorithm) are concentrated at the upper half of the grading
scale (see Fig. 4). Thus, audio quality tends to be overrated
again. However, when examining Fig. 3(b) there are no clus-

tered outliers apparent as predictions are evenly scattered
around the regression line.

Results obtained from implementation PEAQ.. (basic algo-
rithm, open-source) show the smallest correspondence to the
listening test results. It is also striking when examining Fig.
3(c) that ratings are concentrated around the middle, with
very few ratings at the upper and lower end of the grading
scale. Moreover, predictions between 3. ..4 are obtained
for audio items that were rated between 2. . . 5 by the expert
listeners. Thus, results from implementation PEAQ),. are
highly scattered.
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Fig. 4. Distribution of quality ratings for different PEAQ
implementations and listening test results.

High-quality Settings

Generally, state-of-the-art audio codecs aim at yielding ex-
cellent audio quality at moderate data rates and complex-
ity. Accordingly, fine-tuning of codec parameters will most
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Fig. 5. Relationship between LTR and PEAQ results for a speech sample coded with 18 different resolution settings. Gray

dashed line indicates perfect correspondence.

likely result in minor changes of audio quality at the upper
end of the grading scale. Anyway, audio items coded with
low quality are easily identified by informal listening and
thus, neither formal listening tests nor PEAQ predictions are
necessary in this case. In contrast, a formal assessment of
audio quality is essential to resolve small differences of au-
dio quality for codecs that obtain good audio quality ratings.
The ability of PEAQ to predict audio quality in the range of
interest is evaluated by considering only the audio items of
the sample pool that were rated between 4. . . 5 by the expert
listening panel (35 items out of the overall 159). The ob-
tained values for R? between LTR and the different PEAQ
implementations decreased from [0.49, 0.52,0.25] for the
entire data set to [0.03,0.06,0.07] for items that are rated
between good and very good.

3.2. Single-Sample Subset

The global PEAQ predictions using the pool of all samples
appear to be unsatisfying and thus, this section analyzes the
performance of PEAQ algorithms for each sample subset,
separately. As performance depends on the chosen audio
sample (see Tab. 1), we focus on the best (speech) as well as
the worst case (triangle) out of the sample pool.

Fig. 5 shows the relation between LTR and PEAQ results for
a speech sample coded with 18 different resolution settings.
The correlation between LTR and PEAQ predictions is in
a range from 0.98...0.95 across the different implemen-
tations. By tendency, the predicted values do not exploit
the lower and higher end of the grading scale, yielding an
increased occurrence probability around the center.

Overall the different PEAQ implementations yield satisfying
reliability for predicting the audio quality of the processed
speech samples, with PEAQ,, yielding the best match.
The relation between PEAQ predictions and LTR for a trian-
gle sample coded with overall 33 different coding settings
is depicted in Fig. 6. It can be seen that the performance
for the triangle sample is highly degraded when compared
against the performance for the speech sample (see Tab. 1).
The results from PEAQ),, are clustered around 2.5 and 4.5
and PEAQ, and PEAQ. predict the audio quality of all
samples between 3 . .. 5 without any ratings at the low end of
the scale. Furthermore, for the triangle samples, PEAQ rates
the audio quality higher as the expert listeners, what is in
contrary to the predictions for the speech sample (cf. slope
of regression line). Hence, performance of PEAQ seems
to be highly dependent on signal characteristics (bandwidth
and temporal resolution) and thus, an evaluation for a com-
bined sample pool is not recommended. Moreover, PEAQ
predictions must be interpreted on a relative scale as they do
not give a rating of audio quality on an absolute scale.

High-quality Settings

Again the correspondence between PEAQ predictions and
LTR for audio items that are rated between good and very
good by the expert listening panel is examined. The result-
ing determination coefficients are listed in Tab. 2. While
correspondence for orchestra, speech and vocal samples
is comparable to the overall results, the correspondence for
bass, triangle and trumpet samples is highly decreasing when
compared against results that include the entire ratings.

bass | orch | spch | tria | trmp | vox bass | orch | spch | tria | trmp | vox
PEAQ, | 093 | 0.80 | 0.97 | 0.60 | 0.65 | 0.87 PEAQ, | 0.09 | 091 | 0.87 | 0.11 | 0.05 | 0.78
PEAQ | 063 | 0.81 | 097 | 0.82 | 0.77 | 0.70 PEAQ, | 021 | 0.56 | 0.87 | 0.11 | 0.16 | 0.75
PEAQ. | 0.10 | 0.86 | 0.90 | 0.51 | 0.51 | 0.49 PEAQ. | 030 | 0.86 | 0.84 | 0.01 | 0.16 | 0.60

Table 1. Determination coefficient R? for different audio
samples.

Table 2. Determination coefficient R2 for items rated be-
tween good and very good.
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4. CONCLUSION

We compared the audio quality ratings from a previously
conducted listening experiment (39 expert listeners) against
audio quality predictions form three different PEAQ imple-
mentations. The entire data set included 159 audio items
that were generated from 6 different samples (bass, orches-
tra, speech, triangle, trumpet and vocals) using a sub-band
low-delay audio codec with different bit-rate settings.

If the entire sample pool is considered, the determination co-
efficients (R?) between listening test results and PEAQ pre-
dictions lie between 0.25 . .. 0.52. Furthermore, we showed
that PEAQ prediction performance varies depending on the
chosen audio sample and as the three implementations over-
rate or underrate (cf. slope of regression line) the perceived
audio quality depending on the sample, PEAQ ratings must
be interpreted on a relative scale.

Differences between audio samples that are rated between
good and very good by an expert listening panel are not
reliable reproduced by PEAQ predictions, at least not for
all sample subsets (cf. triangle, trumpet). Consequently,
formal listening tests are essential for identifying differences
between high-quality audio codecs. However, PEAQ predic-
tions may be used during development process to identify
rough relative changes of audio quality.
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