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Summary

A new method for the objective estimation of the quality of reproduced sound for both normal-hearing and
hearing-impaired listeners is presented. It is based on three parts: 1) Subjective sound quality ratings, 2) An
auditory model, coupled to 3) An artificial neural network. The paper presents sound quality predictions on two
perceptual scales; Clearness and Sharpness, and compares these to actual subjective ratings. These two scales
were shown to be the most relevant for assessment of sound quality, and they were interpreted the same way by
both normal-hearing and hearing-impaired listeners. The scales were found not to be absolute, thus the objective
method cannot predict the absolute sound quality, but it can be used to rank the sound quality. Using test data
from the present subjective rating experiment, the prediction error was found to be only slightly larger than the

random variance in the subjective ratings.
PACSno. 43.66.Ba, 43.66.Ts, 43.71.Gv

1. Introduction

The sound quality of sound-reproducing and transmit-
ting equipment (codecs, telephone networks, loudspeak-
ers, hearing aids etc.) is an important feature that must be
assessed by objective measurements, subjective listening
tests, or both. This is not simple, and there is often a large
gap between the experienced quality of reproduced sound
and the simple “objective’ measurements. There are many
standardized, and relevant measurements that are used for
assessment of the ‘quality’ of a device, e.g. frequency re-
sponse, distortion, signal/noise ratio. They give some in-
dication of the performance of the device, but often lit-
tle knowledge about the sound quality perceived by the
listener, i.e. the ‘subjective’ measure. Thus, the listening
test remains the final and most relevant evaluation of a
device. However, listening tests are very costly and time-
consuming, and great care must be put into experimental
design, statistical analysis etc. In the development cycle of
a device, the formal and representative listening test will
cause an unacceptable delay, and faster methods are desir-
able.

So there has been a desire to link the objective (phys-
ical) measures with the subjective impression (measure)
of sound quality. Correlating subjective measures with the
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existing technical measures has not been very successful.
And the technical measures have been of very little use
if 1) the test device performs a deliberate and clearly au-
dible modification of the signal (e.g. frequency shaping,
dynamic range compression, effects etc.) or 2) if the test
device behaves in a very non-linear and signal-dependent
manner, where real-world signals are the only useful test
signals (e.g. bit-rate reduction coders, dynamic range com-
pression, advanced signal processing algorithms).

These current developments combined with the avail-
ability of modern signal-processing tools have raised an
interest in objective measures of sound quality, based on
models of the human auditory perception, and a number
of such measures have been proposed, e.g. ASD [1] for
general audio application, PAQM [2] and more recently
the two standardized measures PEAQ [3] for e.g. bit-rate
reduced high-quality audio and PESQ for coded speech
over a broad range of qualities [4, 5]. All of these meth-
ods rely on some type of difference between an ideal ref-
erence signal and a (test) signal modified by the system
undergoing evaluation, with the purpose of predicting if
the modification is audible and, for some measures also,
of estimating the subjective amount of degradation. This is
a good approach for predicting the effects of small, unde-
sirable signal modifications (e.g. bit-rate reduction). How-
ever, this type of measure is not feasible, if no obvious ex-
ternal reference is available (= the unprocessed signal), for
instance with hearing aids, signal processing equipment,
and loudspeakers. The present work [6] presents an abso-
lute measure of sound quality for reproduced sound, in the
sense that no external reference is required — the perceived
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sound quality is predicted directly on a number of sub-
jective scales. It is thus feasible for estimating the sound
quality of audio devices that perform deliberate signal pro-
cessing, or if no optimal reference is available — and both
of these conditions apply to hearing aids. The measure is
called OSSQAR: Objective Scaling of Sound Quality And
Reproduction. It consists of three components: 1) Subjec-
tive sound quality ratings to provide reference data, 2) an
auditory model with hearing loss, coupled to 3) an artifi-
cial neural network, which was trained to predict the sound
quality ratings.

1.1. A classification of sound quality measures

When assessing sound quality, it is always important to
first consider the purpose of the test. This influences what
type of objective measure to be used, and likewise, what
subjective experiment should be used and which task
should the subject perform? When using one of the mod-
ern perceptually-based objective quality measures it is ex-
tremely important to consider what type of subjective mea-
sure is actually being predicted and what kind of subject
task it corresponds to? We can thus define criteria for mak-
ing a classification of the existing subjective and objective
quality measures:

e Is the measure relative or absolute? With a relative
measure, each signal condition to be measured is com-
pared to some other condition, either a perfect refer-
ence, or all other conditions. The outcome thus de-
pends on the other conditions in the experiment, and is
not reproducible if the conditions have changed. With
an absolute measure, the rating of one condition is in
principle independent of the other conditions and re-
quires no comparison — a hearing aid can for instance
be rated to have a Clearness of 7 on a 0-10 scale. In
reality though, any “absolute” measure will be based
on an internal reference in the test subject (experience,
expectations) and will also depend on the context in the
given listening test (what degrees of degradations/ pro-
cessing are presented through the entire test session),
and is thus not truly absolute. See also [7, p. 116-121].

e What type of scale is used? A good overview of four
types of rating scales is provided in [8]: Ratio, Inter-
val, Ordinal and Nominal. Ratio scales have a fixed
zero and constant intervals, typical examples are phys-
ical measurements. Interval scales do not have a well-
determined zero, but constant intervals between points.
Ordinal scales have discrete points with unknown dis-
tances between each point and all points being in rank
order. Finally, nominal scales are without known inter-
vals or rank order.

e For objective measures, special cases of the scales
mentioned above are often found: Is the measure a
binary threshold or is it numerical value? A thresh-
old measure determines if some signal processing or
degradation is audible or not, i.e. this represents a spe-
cial case of the ordinal scale. A numerical measure
provides some metric for the degree of degradation or
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modification. This metric can be on a ratio, interval or
ordinal scale.

e Does the measure have a known optimum? A degrada-
tion measure will usually have an optimal point, indi-
cating no audible change. A rating scale of Overall Im-
pression will usually also have a perceptual optimum,
i.e. 10 ona 0-10scale. Or the optimum is located at the
center of the scale, e.g. midway on the Loudness scale
(neither too loud nor to Soft). A Sharpness scale, on
the other hand, may not have an obvious optimum. A
detailed analysis of this problem has been carried out
in [9] using ‘preference mapping of attributes’ to relate
overall preferences to rating scales.

e For the objective measures it is important to consider
what the subjective counterpart is. For instance, an ob-
jective measure that determines the audibility of some
signal processing has a subjective counterpart in a
paired comparison experiment, where the degradation
is indicated by a yes/no answer, i.e. a threshold exper-
iment.

e What are the typical applications of the measures?
Which signal types? Which types of degradation?

A number of the important technical and perceptually-
based objective measures and their classification are given
in Table 1. See also [10] for further discussion of these ba-
sic types of objective measures and their classification.

As indicated in the table, the purpose of OSSQAR is to
provide an absolute measure without a reference. This cor-
responds to the listening situation of a user, i.e. a hearing-
aid wearer, a radio listener, a telephone customer or simi-
lar, who all listen without having a reference signal avail-
able. This is sometimes also referred to as ‘single-ended’
sound quality. In this — ordinary — listening mode there is
an implicit internal reference based on the subject’s audi-
tory memory, bias, taste, context of listening, mood etc.
These factors are hard to control in a listening test but
they play an important role and can thus not be ignored,
e.g. [11]. Without a reference signal, the perceived quality
as expressed by the rating values must be assumed to be
due to a combination of the original input signal (e.g. mu-
sic) and the reproduction system (e.g. the hearing aid). So,
these two factors can not be separated. Another yet differ-
ent and often conflicting aspect of subjective and objec-
tive estimation are the non-stationary signals found in real
life, often combined with also non-stationary advanced au-
tomatic signal processing. Both estimates should be con-
sidered as functions of time. In all the methods listed in
Table |, there is one subjective rating over the entire pe-
riod — as implicitly ‘time-averaged’ by the listener, and
the objective estimate has likewise been collapsed across
time according to the model assumptions. It would make
sense to rate the perceived quality over time, which has not
been done in the present work. One published work uses a
slider to produce time-varying subjective ratings which are
subsequently correlated to segmental signal-to-noise ratios
[12].

In the present paper, OSSQAR is presented and the
limitations of this measure are discussed. It should be
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Type of measure / Literature reference

Absolute or relative

Threshold or numerical

Known optimum

Subjective counterpart

Application area

Frequency response

Absolute Not related to perception | Not for hearing aids None All audio

Noise + distortion

Absolute Not related to perception | As little as possible None All audio
for linear HA

Auditory Spectrum Distance (ASD) [1]

Relative to transparent Numerical Auditory Spectrum Absolute adjective Not specified

Distance =0

rating with fixpoints
on scale

PAQM [2]

Relative to transparent.
Internal error is calculated

Numerical — can predict
impairment score

The transparent sys-
tem. PAQM <« 0

Comparison rating with
fixed reference

Bit-rate reduced
high-quality audio

Noise-to-Masker Ratio (NMR) and Masking Flag [16]

Relative to transparent.
Error signal is calculated

Threshold (audibility
flag) and margin (dB)
measure

NMR < 0 dB (the
transparent system)

Paired comparison with
original signal — thresh-
old test

Bit-rate reduced
high-quality audio

PEAQ [3]

Relative to transparent. Numerical — Objective ODG =0 Paired rating with orig- | Bit-rate reduced

Includes cognitive model | Difference Grade (ODG) inal signal — Subjective | high-quality audio
Difference Grade

Objective Speech Quality [13]

Relative to transparent. Numerical gC=1 Absolute MOS rating - | Coded and transmit-

Uses a psychoacoustically
validated model

without reference

ted speech

PESQ [5]

Relative to transparent.
Includes cognitive model

Numerical MOS estimate

PESQ/MOS = 4.5

Absolute Category
Rating (ACR) —
without reference

Speech plus noise
via networks and
codecs

Sharpness [29]

Absolute Numerical No Paired comparison with | General audio
preference — equal, half
or double Sharpness

Pleasantness [24]

Absolute Numerical No Comparison rating with | General audio
known reference

OSSQAR [6]

Absolute Numerical For some scales Adjective rating Speech and music

(context-dependent) processed in hearing

aids
noted that the original work was done app. 10 years ago, e To evaluate both normal-hearing and hearing-impaired

so the entire field of objective sound quality measures
has undergone a significant development since then, e.g.

[3,4,5,9,13].

2. OSSQAR: Subjective measures

The subjective listening tests had a number of important

goals:

e To obtain quantitative, reliable sound quality ratings

for the development of

OSSQAR.

listeners and compare their results with respect to sub-
jective sound quality.

e In order to exercise the system and provide very di-
verse rating data, a large number of diverse signal pro-
cessing conditions were included in an attempt to ob-
tain general results and to make the subjects use a

wider range on each perceptual scale.

e To study the nature of the subjective scales and select

the most appropriate ones.

The listening tests are described in detail in a report [14].
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Figure 1. Subject audiograms. Top line is normal-hearing (NH)
average. Bottom lines are target (dashed) and minimum, maxi-
mum and average for hearing-impaired (HI) subjects.

2.1. Subjects

The study included 12 Normal-Hearing (NH) and 11
Hearing-Impaired (HI) subjects. The HI subjects were se-
lected to match a particular shape of hearing loss, typi-
cal for an in-the-ear (ITE) hearing aid user. The hearing
losses were purely sensorineural, i.e. there was no con-
ductive component in the hearing loss. Figure 1 shows the
target hearing loss for the HI group as well as the actual
mean, minimum and maximum values for hearing loss. As
seen on the figure, the NH group is in fact very close to the
0dB HL line as they should be. The members of the HlI
group were all experienced hearing aid users, but were not
selected according to their current hearing aid type (linear
vs. non-linear, behind-the-ear vs. in-the-ear). No informa-
tion was asked regarding their hearing loss history (etiol-

ogy).

2.2. Stimuli and design

The investigation used 64 subjectively very diverse signal
and processing conditions in an attempt to obtain general
results and to make the subjects use a wider range on each
perceptual scale. These were created as various combina-
tions of the following factors:

e Inputsignal: Speech —single male speaker in quiet [15]
or music — Classical symphony [16].

e With or without background noise: Speech was mixed
with multi-talker babble to obtain a S/N = + 5dB. Mu-
sic was mixed with party noise, so that S/N = +10dB.

e Separate processing in three frequency bands: Signal:
On, Off, Clipped (50%) or Compressed (compression
ratio = 20).

1010

HP filter
Leompress] |
L -
© GH
Speech {~_|
S N
BP filter
sum « sum 1 ou
Noise h
- EF
2 H - Lo+
Factors: +—
Clip L,
A: Speech/Music /
B Quiet/Noise ¢
C.D: OffiClip/Compress/Linear d
EF: Off/Clip/Compress/Linear
G.H: OffiClip/Compress/Linear

Figure 2. Block diagram of the signal processing scheme used
for generation of all 64 stimuli.

Table 1l. List of factors and levels in the generation of the pro-
cessed stimuli. A complete combination (factorial) would pro-
vide 256 stimuli, but only 64 were selected according to a frac-
tional factorial design [17].

Factor | Parameter Level 0 Level 1
A Signal Speech Music

B Noise Off -5dB/-10dB
C LF Channel .1-.5kHz Off Clip

D Compress Linear

E MF Channel .5-4 kHz Off Clip

F Compress Linear

G HF Channel 4-10 kHz Off Linear

H Compress Clip

The signal processing flow is shown in Figure 2 and the
list of factors and levels is given in Table II. A full combi-
nation of all factors yielded 256 very diverse stimuli, how-
ever this would make the duration of the entire ratings ex-
hausting for the test subjects. Instead the rating experiment
was designed and analyzed as a 28-2 fractional factorial
experiment [17] with a total of 26 = 64 stimuli, divided
into 4 blocks of 16. One block would typically take 20
min. to rate.

Each visit contained a full rating of all 64 stimuli plus
a preceding block of 16 stimuli for “‘warm-up’. The warm-
up data was ignored. Each subject had three visits, so all
stimuli were rated three times, in order to estimate repeata-
bility. The order of blocks was the same for each day but
rotated amongst subjects to form a balanced Latin-square
experiment across subjects. The 64 stimulus files for the
normal-hearing group were multiplied by individual scale
factors to equalize the long-term level (L), in order to
keep the perceived loudness approximately constant. Af-
ter scaling, 64 new stimulus files for the hearing-impaired
group were generated, by convolving with a digital fil-
ter, providing the proper frequency-dependent amplifica-
tion according to the POGO I gain prescription rule [18]
for the common hearing loss shape. This would — on av-
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Presentation no:

Loudness
very very
weak midway strong

o 1 2 a a 5 [} 7 8 9 10

Clearness
very very
unclear midway clear
| FHPSYTUPYFYPIN PN VY FYVYNL FROY PUVPL FYPEN FRUUY PEVYN IYVON VU1 PUVYN IVVRY PUUPY POVIN PPN UL IOPOY|
o 1 2 3 4 5 6 7 8 9 10
min max
Sharpness
very very
dull midway sharp
| POV TUPY FYPYN PN VY FYVUN FRY FUVPL FYPIN FRUUY FUVYN FYVON FPUTY POVYN FYOY PUUTY POV PPN POV IOPOY|
o 1 2 3 4 5 6 7 8 9 10
min max
Fullness
very very
thin midway full

Spaciousness
very very
closed midway open

Overall impression
bad midway good

Comments

Figure 3. The rating form containing all perceptual scales used in
the rating experiment.

erage, provide a similar audibility to the HI groups as that
of the NH group. All stimulus files were 30sec. in dura-
tion, and always played twice in succession, allowing the
subject one minute to rate each stimulus. The signal files
were played from a PC, followed by a 10 kHz low-pass
anti-aliasing filter. A manual attenuator was used to set
the signal level to Most Comfortable Level (MCL) once
for each subject. The signal was delivered monaurally to
the best ear of the subject via Sennheiser HD250 Linear Il
headphones — own hearing aid was removed. All listening
took place in a sound-proof audiometric test booth.

2.3. Rating procedure

The rating scales and rating procedure were based on pre-
vious work by Gabrielsson et al. [19], from which six per-
ceptual scales were chosen:
e Loudness, e Clearness, e Sharpness,
e Fullness, o Spaciousness, e Overall Impression.
The scale was designed as a horizontal line with numeri-
cal markers and verbal labels for the midpoint and the two
extremes of each scale. The rating form is shown in Fig-
ure 3 and the written instruction for the scales is shown in
Table Il. During listening, all six scales should be rated
during the 1-min. presentation, in no particular order.

A special remark should be made concerning ‘overall
impression’, which can be seen as an aggregate dimen-

Table I11. English translation of the scale description used as part
of the subject instruction.

Loudness

Left side: The reproduction is soft and weak.

Midpoint: The reproduction is comfortably loud.

Right side: The reproduction is loud and strong.

Clearness

Left side: The reproduction is unclear, indistinct,
blurred and muddy.

Midpoint: The reproduction is clear.

Right side: The reproduction is completely clear,
distinct, nuanced and clean.

Sharpness

Left side: The reproduction is dull.

Midpoint: The reproduction is neither rather sharp,
nor rather dull.

Right side: The reproduction is sharp, metallic
and harsh.

Fullness

Left side: The reproduction is thin and squeezed.

Midpoint: The reproduction is neither rather thin,
nor rather full.

Right side: The reproduction is broad and full.

Spaciousness

Left side: The reproduction seems closed-up,
like in a can or inside your head.

Midpoint: The reproduction is like in a living room.

Right side: The reproduction is very open and
spacious (as being loud in a large room
or outdoors).

Overall judgem.

Left side: The reproduction is very poor,
or even unacceptable.

Midpoint: The reproduction is satisfactory.

Right side: The reproduction is very good.

sion that encompasses the other perceptual scales. But al-
though the labeling clearly signals a different importance
for ‘overall impression’, it is not safe to assume that the
test subjects interpret it this way.

Before every session, the subject received a short writ-
ten instruction on how to perform the rating task, plus a
brief written description of the midpoint and the two ex-
tremes of each of the six rating scales. After audiogram
screening and interview, each subject participated in three
rating sessions on different days.

2.4. Main results

The data from the rating forms were entered into a spread-
sheet for further statistical analysis. No transformation or
normalization was applied to the data, and it was assumed
that the rating scale data followed a normal distribution.
A two-way analysis of variance (ANOVA) was applied
to each subject for each rating scale, testing two effects:
Stimulus and Day (1-2-3). This was done to ensure that
each subject was reliable and useful in the group analysis,
and useful for the training of OSSQAR. It was found that
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Figure 4. Mean ratings of Clearness for the 64 stimuli with 95% confidence intervals. The normal-hearing group is represented by filled
triangles (NH) and the hearing-impaired group by open squares (HI).

all 12 normal-hearing (NH) subjects had significant stim-
ulus effects on all six scales (p < 0.01), except one sub-
ject on the Loudness scale. All NH subjects had significant
day-to-day changes on one or more scales (p < 0.05). For
the 11 hearing-impaired (HI) subjects, all had significant
stimulus effects on all six scales (p < 0.01), except one
subject on the Sharpness scale.

2.4.1. Effects of signals and subjects

In order to make general statements concerning the sub-
ject populations, all subjects were included in six analy-
ses of variance (ANOVA), one for each rating scale. These
ANOVA’s tested the four main effects: Stimulus, Group
(NH vs. HI), Subject (within group) and Day (1-2-3). One
NH subject (the poorest performer) was left out of the
analysis to balance the design (thus 11 subjects in both
groups).

The 64 stimuli were different, with large significant ef-
fects on all scales (p < 0.01); however the magnitude of
the effects on the Spaciousness and Loudness scales was
relatively smaller. It was expected that Loudness had a
small effect, since the signals had been equalized in power
(Leq). There was no difference between the two groups
(p > 0.05), meaning that one group is not shifted on the
rating scale compared to the other. Given the simplistic lin-
ear amplification scheme to compensate for hearing loss,
it is unlikely that the two subject groups had the same au-
ditory perception of the stimuli. They have nevertheless
rated the mean values equal, giving a strong indication,
that the judgments obtained on the subjective scales were
not absolute in the present experiment. It should be kept
in mind that there were no anchoring conditions used, e.g.
stimuli with a pre-defined rating that was communicated
to the subject. So what is observed under the current con-
ditions is that the overall average tends to be the same.

There was a significant difference between subjects
(p < 0.01), i.e. the subjects use the scales differently, but
the subject effect is numerically smaller than the stimulus
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effect. There is no overall difference from day-to-day, i.e.
no systematic shift on the rating scales during consecutive
sessions.

In the experimental design used here, it is also possi-
ble to examine certain interactions. There was a significant
stimulus-group interaction indicating that the two groups
(NH and HI) disagree on the rating of the stimuli — this
can be due to the difference in hearing capacity, own hear-
ing aid and/or the age difference. Given this fact, we must
conclude that elderly hearing-impaired hearing aid users
and young normal-hearing subjects cannot be equated in
the present and future experiments. One additional source
of variability for the HI subjects is their acclimatization to
own hearing aid, which provides each hearing user with an
internal reference that is based on the current amplification
scheme. This can not be compensated for in the present ex-
perimental design which did not include own hearing aids.

Inspection of the means of stimulus-group interaction
can be visualized by plotting all stimulus means separately
for the two groups, as shown in Figure 4 for the Clear-
ness scale. The graph shows that the experimental design
elicited responses over a broad range on the scale, with
stimulus means covering almost the entire 0-10 range. The
majority of responses are under midway, meaning rather
low Clearness in general. The stimulus-group interaction
is evident in the graph from the non-parallel course of the
curves for the two groups. Generally, the means for the
NH group are more spread out on the scale, i.e. the NH
group uses a wider range on the scale. This can also be
interpreted as a higher sensitivity for the NH group.

2.4.2. Rating scales and perceptual dimensions

Two questions were addressed concerning the properties
of the rating scales: 1) what is the order of importance
for describing the perceived sound quality adequately, and
2) are they interpreted the same way by the two subject
groups?
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Table IV. Correlation matrix of the rating scales for the two subject groups separately — Hearing-Impaired above the diagonal and
Normal-Hearing below. Correlation coefficients > 0.5 are in bold types.

NH\HI Loudness Clearness Sharpness Fullness Spaciousness Overall Impression
Loudness 0.29 0.10 0.10 0.16 0.23
Clearness 0.44 -0.15 0.48 0.42 0.84
Sharpness 0.34 -0.01 -0.47 -0.15 -0.29
Fullness 0.31 0.59 -0.27 0.40 0.60
Spacious. 0.44 0.49 0.15 0.37 0.53
Overall 0.38 0.83 -0.05 0.64 0.50
The correlation matrix is given in Table IV, showing the

normal-hearing group above the diagonal and the hearing- 1.00 - = Normal-hearing

impaired group below the diagonal. @ | Sharpness o Hearing-impaired
All intercorrelations are significant (p < 0.0001), due 0.80 T

to the large number of observations, but not necessarily 0.60 1 = Fuliness

meaningful. Using a criterion of » > 0.5, a few scales can '

- . ; Loudness Clearness

be considered important correlates: 0.40 1 \ Spaciousness

e Overall impression and Clearness for both groups. 0.20 1 o // . l

e Overall impression and Fullness for both groups. < . / .

e Overall impression and Spaciousness for both groups. g 000 . ‘ overal .

e Fullness and Clearness for the hearing-impaired group. 020 1

The remaining scales are poorly correlated, indicating that 0.40 1

more than one of the scales is necessary to adequately de- ' o Fullness

scribe the sound quality. This was analyzed further in a -0.60 1

factor analysis, where the underlying perceptual dimen-

sions can be derived from the correlation matrix. For the -0.80 T

normal-hearing group, 90.8% of the data variance was 100 = |Sharpness

accounted for by four factors. For the hearlng-lmpalrgd 020 000 020 040 060 080 100

group, four factors accounted for 91.4% of the total vari- Factor 1

ance. The rotated factor weights of the original six scales

is the position of the six rating scales in the new, four-
dimensional factor space — obtained by means of VARI-
MAX rotation: The placement of the original rating scales
in the underlying factor space is shown for the primary two
factors in Figure 5.

Factor 1 accounted for 47.9% (NH) and 50.7% (HI) of
the total variance and can be interpreted the same way for
the two subject groups: It is dominated by equal contri-
butions from Clearness and Overall impression with some
contribution from Fullness. This confirms that Overall Im-
pression and Clearness are correlated and predict one an-
other well.

Factor 2 accounted for 20.2% (NH) and 22.7% (HI) of
the total variance and it is dominated by Sharpness and
Fullness, the two having an opposite effect. The two sub-
ject groups have opposite orientation along Factor 2, due
to slight differences in the factor analysis, however the per-
ceptual interpretation is the same. Factor 2 may be inter-
preted as low-frequency vs. high-frequency spectral con-
tent, i.e. a low-frequency dominated stimulus will be rated
very full and very dull (not sharp), and opposite when
much high-frequency energy is present.

Factor 3 accounts for 12.4 % (NH) and 9.3 % (HI) of the
total variance and it is dominated by Spaciousness (NH)
and Loudness (HI).

Figure 5. Rotated factor weights 1 and 2 for the two subject
groups. For both groups, factor 1 accounts for roughly 50% of
the total variance and factor 2 accounts for additionally 21%.

Similarly, Factor 4 accounts for 10.4 % (NH) and 8.7
% (HI) of the total variance, and it is dominated by Loud-
ness (NH) and Spaciousness (HI). The low importance of
Loudness was expected, since it was attempted to keep
Loudness constant in the experiment, although less suc-
cessful for the HI group. In the present analysis, no spe-
cial emphasis has been placed on overall impression as it
was rated on the same rating form as the other perceptual
scales. It could be argued that ‘overall impression’ is an
aggregate scale that supercedes the other scales, but this
would be an assumption that could not be tested. And since
an experiment like this relies on the (in reality unknown)
interpretation of each rating scale by each subject, no spe-
cial analysis was made for overall impression. Examples
of this would be regression analysis, using the aggregate
scale as dependent output and the other scales as indepen-
dent input, which would produce weights for a model that
could predict overall impression by means of a weighted
sum of the other rating scales.
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2.5. Optimal values

In practical use, an absolute method like OSSQAR with-
out reference has a major drawback compared to relative
measures: It is not given on each scale what is ‘best’ or
what is ‘good’ and ‘bad’. No explicit ratings of ideal val-
ues were obtained during the subjective listening tests, but
such hypothetical ratings should probably be interpreted
carefully anyhow. A partial answer to the question can be
found by inspecting the mean values across subjects for
each stimulus in Figure 4 and finding the optimal value of
Factor 1, which corresponds to finding the optimum value
for the scales ‘Clearness’ and ‘Overall impression’. This
is summarized in Table V.

The ‘good’ stimuli in general were signals processed as
little as possible, i.e. no or little degradation was done to
these signals. For both subject groups, this optimal value
was for stimulus number 61; speech, with no noise, no
filtering and no clipping or compression, i.e. completely
clean speech.

Given the verbal fix points on the Overall Impression
scale (9: Very good), it is reasonable to assume this end as
an optimum, i.e. 10 represents the best quality. The clear-
ness scale may have an optimum at a lower point, i.e. at 10
the reproduction sounds “too clear”. Stimulus 61 received
a Clearness rating of 8.2 and 7.5 by the two groups, respec-
tively. The likely optimum on this scale is thus in the range
7-9, which was also found by Gabrielsson and Hagerman
in [20].

The Sharpness ratings for this stimulus are probably
also close to optimal sound quality. The NH group rated
Sharpness at 4.0 and the HI group rated Sharpness at 5.1.
Most likely, the optimum on this scale is in the range 4-5.
Gabrielsson and Hagerman [20] found 5 or slightly above
as the optimum for Softness/Gentleness, which has the in-
verse direction compared to Sharpness. If mirrored around
5, the midway point, the present ideal values are the same.

Given the concerns about the absoluteness of OSSQAR
and the uncertainty about the precise location of ideal val-
ues (optimum) on both the Clearness and Sharpness scales,
it is difficult to provide exact rules on how to use these
measures. If the objective estimates are far from the opti-
mal values mentioned above, there is most likely a serious
problem with the sound quality in the device under investi-
gation. In such a situation, OSSQAR can be used to rank a
number of conditions relative to the optimum point. Closer
to optimum, it becomes difficult to use OSSQAR for re-
finement of the sound quality. These types of problems are
the same as for traditional subjective evaluations, and thus
not a specific weakness for the objective measures.

2.6. Subjective measures. Conclusions

The sound quality rating experiment had a number of im-
portant outcomes:

All subjects performed the rating task reliably, and
could distinguish the stimuli, according to statistical anal-
ysis. The rating data covered a wide range on each scale,
which is important for the development of the present ob-
jective sound quality measure, OSSQAR.
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The two subject groups (normal-hearing vs. typical
sloping hearing loss) did not differ in mean ratings on
any of the scales. Assuming that the auditory perception is
not identical for the two subject groups with very different
hearing configurations, it may be concluded that the judg-
ments obtained on the subjective scales were not absolute
in the present experiment. The normal-hearing group used
a wider range on the scales, and can be considered more
sensitive. The perceived sound quality can be described
by four underlying dimensions, with two dominant scales:
1) Clearness combined with Overall Impression, and 2)
Sharpness and Fullness. The two subject groups appeared
to interpret the rating scales identically, thus Sharpness
and Clearness are the same perceptual attributes for both
groups.

In the present factor analysis, there is very good agree-
ment between the two groups with respect to correlation
between scales and the location of the rating scales in
the underlying factor space, thus we can conclude that
normal-hearing and hearing-impaired listeners perceive
sound quality in the same perceptual space, and both
groups use the same interpretation of the scales. This is
an important result for the definition of an objective qual-
ity measure that is common for both groups.

3. OSSQAR: Auditory modeling

In order to predict sound quality, the measure should ide-
ally include knowledge of hearing, i.e. some type of audi-
tory model. This is equivalent to other modern perceptu-
ally based quality measures (e.g. [3, 5]), except that OS-
SQAR should operate without a reference signal. The as-
sumption in the present project was that the use of an audi-
tory model to implement the known basic psychoacoustics
for the normal and the impaired ear was likely to produce
the most representative measure. The unknown properties
—coupling from auditory model to sound quality estimates
should then be established by means of a trained artificial
neural network.

An auditory model can either be based on the physiol-
ogy of the hearing system — outer, middle and inner ear,
or it can be based on the psychophysics of hearing. In
the present work, the psychophysical approach was used,
since only this aspect of hearing is well enough docu-
mented to facilitate the development of a practical, quanti-
tative measure. This is especially true when hearing loss is
included, since no physiological data are available on the
typical age-induced hearing loss in humans.

The present auditory model, named AUDMOD [21], is
shown schematically in Figure 6. The core of the model
is a set of filters shaped as rounded exponentials (roex)
in the frequency domain. These filter shapes are derived
from detection thresholds of pure tones masked by notched
noise, with the tone located in the notch [22]. Contrary to
the original (classical) critical bands that were specified
in terms of cut-off frequencies only [23], the filter shape
is specified, and the output of the filterbank output is the
excitation pattern (E), which includes frequency masking
effects automatically, by virtue of the sloping filter shapes.
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Table V. Mean ratings of the stimulus with best rating of Factor 1 (Clearness and Overall impression), which was the same stimulus for
both subject groups. Compare to rating scales and verbal fixpoints in Figure 3.

Stimulus no. NH Clearness NH Sharpness
61 8.2 4

NH Overall

HI Clearness HI Sharpness HI Overall
8.5 7.5 5.1 7.5
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Figure 6. Block diagram of the auditory model (AUDMOD).

Drawing provided by Graham Naylor, Oticon A/S.

In auditory models based on classical critical bands, the
filter bank uses rectangular bands and the excitation pat-
tern must be calculated afterwards by convolving, in the
frequency domain, with a spreading function, similar to a
narrow band masking pattern [2].

The present model encodes loudness, according to the
models by Zwicker and Feldtkeller [23], and Zwicker and
Fastl [24]: Specific loudness (N”) is calculated from the ex-
citation in each critical band (here: each filter channel), by
means of a power function with exponent 0.23. The thresh-
old of hearing is considered equal to an internal masking
noise; hence there is a steep growth of loudness close to
threshold. The total loudness can be calculated by sum-
ming the specific loudness across all bands.

The present auditory model performs the following op-
erations on the signal:

e Theincoming signal (t) is windowed to a user-specified
frame-size.

e AnFFT analysis is performed on the windowed signal
and a power spectrum (f) is obtained.

e Equalization is then applied to the power spectrum to
compensate for the frequency response of the coupler,
in which the signal was recorded.

e In the same way, a transmission factor is applied by
multiplication in the frequency domain. This factor can
be interpreted as the linear transmission characteristics
of the ear canal and the middle ear.

e The signal power is determined in rectangular bands
(or wider, in the hearing-impaired case), by summing
the power spectrum (f) within the limits of each band.
These power values are used to adjust the filterbank:

e The resulting power spectrum is then passed through a
filterbank, consisting of 30 auditory roex filters whose
shapes depend on hearing loss and on the band-specific

signal power. The roex filterbank output is the excita-
tion pattern (E).

e The parameters for hearing loss (THR) are converted
from dB Hearing Level (HL) to dB Sound Pressure
Level (SPL) and used to influence frequency selectivity
in the filterbank and sensitivity in the loudness func-
tion.

e The roex filterbank output (E) is passed on to the spe-
cific loudness function that converts excitation in each
channel to specific loudness, (N’). The absolute thresh-
old of the subject is taken into account here. N’ is the
default model output, but the output can be taken at
other points in the model.

e The total loudness of an incoming signal can be calcu-
lated by summing the specific loudness across bands.

In the present model, no temporal features have been ex-

plicitly added, i.e. post-masking and temporal integration.

These properties were not considered important for the

present sound quality application. A similar model with

hearing loss and temporal processing has recently been

presented by Chalupper and Fastl [25].

The auditory model has been implemented as a PC pro-
gram that reads waveform signal files and outputs the re-
sults to different optional file formats. Various parameters
for the auditory model, including hearing loss, are speci-
fied in an accompanying parameter file. Further details can
be found in [21].

4, OSSQAR: Neural network model

In order to predict the subjective sound quality ratings by
means of the output from the auditory model, the two sets
of data were connected, using an artificial neural network
(ANN). A Multilayer Perceptron was used with the Back
propagation training algorithm [26]. The neural network
was then trained using the majority of the subjective rating
data and subsequently tested using the remaining rating
data for verification. See [27] for a detailed description.

4.1. Network input

For each stimulus, lasting 30s, the auditory model out-
put — specific loudness (N”) — consisted of roughly 2350
frames, 30 bands wide. This large amount of data had to
be reduced, to keep the neural network small, considering
the small amount of subjective ratings available for train-
ing. This was done by combining the bands 3-by-3 into
10 bands and calculating the mean and standard deviation
across time, resulting in 20 numbers per stimulus. To ac-
count for the subject factor, 12 input nodes were added
to the network to inform about the current subject during
training. Thus, the network contained a total of 32 input
nodes. When used for prediction, the 20 stimulus values

1015



ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 90 (2004)

Bramslgw: Objective sound quality estimate

Neural network

Subject no.
Subjective rating
sﬁ >

Auditory model output
(1 stimulus of 64)

~2350 frames

3 Rep.

]
Clearness
or Sharpness

5
. @
S ~ Train kst
I3 . mean
N {5}
2 N | | €— =
3 o . 328 @
2
§ ® S *Eﬁg ~
3 . 3182
= ’ S|2|35
3 L =|£|0
IR
N std.dev.
N Ru
8 SJ:|->
.

Figure 7. Schematic representation of the data inputs and outputs
to the neural network and the types of data reduction used to
facilitate training. From [27].

are presented to the network, and the 12 subject nodes are
set to 1, one at a time. In this manner the ratings of the
12 subjects can be estimated and the group estimate is cal-
culated as the mean of these values. The data reduction
scheme and the network structure are outlined in Figure 7.

4.2. Network output and training

The network contained one output node only, representing
either Clearness or Sharpness. For simplification, one net-
work was trained per subject group (NH/HI), i.e. a total of
4 networks. Training was done using 56 of the 64 stimuli,
reserving 8 stimuli for independent testing. The training of
the network was optimized during a series of experiments
to yield the optimal number of hidden units and the opti-
mal training length. The final results are presented below:

5. Evaluation of OSSQAR

After training OSSQAR separately for the two domi-
nant perceptual dimensions, Clearness and Sharpness, and
the two subject groups, Normal-Hearing and Hearing-
Impaired subjects, it was evaluated by plotting predicted
vs. actual observations of the quality ratings. For each
stimulus, the mean actual rating was calculated across all
subjects in the group and the predicted rating was calcu-
lated across the same subjects. The test set was 8 of the
total 64 stimuli, selected in a balanced manner to repre-
sent all classes of distortion. The comparison of actual vs.
estimated was only done on a group basis. In principle,
this could also be done on a subject-by-subject basis, with
larger deviations, to prove the concept. With the restricted
amount of data available for testing it was decided only to
use group data.

When these 64 points are plotted in an X-Y scatter plot,
they should ideally lie exactly on the 1:1 line. However,
even the best prediction will not be better than the random
errors inherent in the subjective rating data. Thus the mean
values should be plotted with error bars, indicating the
95% confidence intervals. These have instead been plotted
as dashed lines surrounding the 1:1 lines. All data points
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Figure 8. OSSQAR prediction of Clearness vs. the mean actual
rating for the 12 normal-hearing subjects. The predictions for the
points outside of the dashed lines deviate significantly from the
actual ratings.

falling within these lines have an acceptable prediction er-
ror.

For Clearness shown in Figure 8, the predicted values
of the training data are scattered in a symmetrical band
around the 1:1 line, with some points outside the confi-
dence intervals. The same picture is seen for the test set,
with about the same amount of prediction error. Generally,
there is some overprediction of Clearness in the middle of
the scale. The correlation is high (r = 0.95) for the train-
ing set and slightly lower for the test sets (r = 0.92). These
results are similar to the values provided in [28], which
predicted subjective degradation on a 1-5 scale. Their pre-
diction values should be compared to the above plot of
Clearness, since Clearness is almost identical with Overall
Impression in the present study [14]. In [28] no verifica-
tion with independent test data was done, and the max-
imum prediction error is 0.5 (12.5% of full scale), which
can be compared to the present maximum training set error
of 11% and maximum test set error of 9% for Clearness,
as shown in Figure 8.

The predicted value of Sharpness, for Normal-Hearing
listeners, is shown in Figure 9. There is some underpredic-
tion of Sharpness in the range 5-9, i.e. the “poor” side of
the scale. The training data are not evenly spaced along the
Sharpness scale, and thus not optimal for training. The test
and training set errors are very similar, and the two corre-
lation coefficients are identical (r = 0.94). The maximum
deviations are 13% on both training and test sets. The pre-
dicted value of Clearness, by Hearing-Impaired (HI) lis-
teners, is shown in Figure 10. The spread around the 1:1
line is larger than for the NH group (Figure 8), but so is the
95% confidence interval, and roughly the same number of
stimuli fall outside of the 95% limits in the two cases (26
for NH, 21 for HI). The correlation coefficients are good, r
= 0.95 for the training set and r = 0.92 for the test set. The
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Figure 9. OSSQAR prediction of Sharpness vs. the mean actual
rating for the 12 normal-hearing subjects. The predictions for the
points outside of the dashed lines deviate significantly from the
actual ratings.
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Figure 10. OSSQAR prediction of Clearness vs. the mean actual
rating for the 11 hearing-impaired subjects. The predictions for
the points outside of the dashed lines deviate significantly from
the actual ratings.

maximum prediction errors are larger than for the Normal-
Hearing subject group: 18% for the test set and 13% for the
test set. The test set is generally predicted with the same
accuracy as the training set.

The predicted values of Sharpness, by Hearing-Im-
paired listeners, are shown in Figure 11. As for the NH
group, the actual Sharpness ratings are clustered around
the mid-point 5, and the training data are thus not ide-
ally spread out. There is generally a small overprediction
of Sharpness, unlike the underprediction in the NH case
(Figure 9). However, the spread outside of the 95% lim-

Figure 11. OSSQAR prediction of Sharpness vs. the mean actual
rating for the 11 hearing-impaired subjects. The predictions for
the points outside of the dashed lines deviate significantly from
the actual ratings.

its is smaller than for the NH subjects, only 16 points are
outside the limit, compared to 31 for the NH group. This
is also reflected in the larger correlation coefficient for the
training set (r = 0.97). The test set correlation is moderate
(r=10.83), due to a clustered test set.

In light of the more recent objective measures ([3, 5]),
a direct comparison of estimated quality would be rele-
vant and interesting. This has not been attempted, since
the original stimulus files have been lost, since the experi-
ments took place.

6. Conclusions

A method for the objective estimation of sound quality
has been developed and evaluated. The present work has
shown that such a measure is a feasible concept for both
normal-hearing and hearing-impaired listeners, providing
fast and repeatable estimates of sound quality. This mea-
sure, OSSQAR (Objective Scaling of Sound Quality And
Reproduction), predicts the perceived sound quality on
two independent perceptual rating scales: Clearness and
Sharpness. These two scales were shown to be the most
relevant for assessment of the sound quality in connection
with the present types of distortion, and they were shown
to have the same perceptual meaning for both normal-
hearing and hearing-impaired listeners. Using test data
from the subjective rating experiment, the prediction er-
ror of OSSQAR was found to be only slightly larger than
the random variance in the subjective ratings. OSSQAR
was designed as an absolute measure, however the sub-
jective sound quality ratings on which it was based, were
found not to be absolute. Thus, the OSSQAR predictions
can be used to rank the quality of the reproductions, but not
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to predict precisely the outcome of any subjective quality
rating experiment.

Further verification with new signals and distortion
types will be required to assess how general and reliable
OSSQAR is, and to identify the precise limitations of its
application. It is most likely that OSSQAR and other per-
ceptually based objective sound quality measures should
be viewed as supplements to technical measurements and
listening tests, rather than replacements.
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