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8 Summary and general discussion





Summary and discussion

Difficulty to understand speech in noisy situations is the number-one complaint of
hearing aid users (Kochkin 2002). Hearing aid manufacturers take measures against
the problem of speech in noise by implementing signal-processing algorithms that
should reduce background noise. The most widely applied measure against noise is
single-microphone noise reduction, which has the task to estimate from a single input
signal whether it does contain noise or not and to reduce the hearing aid gain accord-
ingly, without affecting speech if present.

Given that there are about 650 000 hearing aids in use in the Netherlands of which the
vast majority contains single-microphone noise reduction, it is remarkable that there is
only little knowledge on the implementation and effects of noise reduction. Clinicians
who are responsible for prescribing and fitting the hearing aids have no insight in the
consequences of activating noise reduction in a hearing aid. Thus, for thousands of
hearing aid users it is not sure whether their hearing aid is chosen and fitted optimally
to compensate for the wide-spread problem of reduced speech perception in noise.

This thesis describes several studies that were conducted to learn more about the
effects of different single-microphone noise-reduction algorithms on perceptual out-
comes, such as speech intelligibility, listening effort, and personal preference. The ma-
jor part of the thesis (Chapters 2 to 5) comprises studies investigating noise-reduction
implementations from commercial hearing aids. Chapters 6 and 7 describe additional
studies that used state-of-the-art noise-reduction algorithms from literature to deepen
our knowledge on some specific aspects of noise-reduction.

Chapter 1: Introduction

Chapter 1 explains the basic principles of noise reduction. Noise-reduction process-
ing usually consists of two parts. First, the environment should be classified in being
noise, speech or speech in noise. This step generally results in an estimation of the ac-
tual signal-to-noise ratio (SNR) per frequency channel. The second step is to adjust (or
retain) the hearing-aid gain based on the estimated SNR, where the main challenge is to
find an optimal trade-off between reducing noise and retaining speech quality. Many
different approaches are possible for both steps, so that there is not one representa-
tive noise-reduction algorithm. Conclusions from investigations with one algorithm
thus can not be easily generalized to other algorithms. For that reason we used in
this thesis different noise-reduction algorithms so that we could also compare between
algorithms instead of only evaluating the effect of switching one algorithm on and off.
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Chapter 8

Chapter 2: Method to compare noise reduction in hearing aids

Chapter 2 describes how we developed and validated a method to allow comparison
of noise-reduction algorithms from different hearing aids, without confounding effects
due to other differences between hearing aids. An inverse filter was made for each
hearing aid to correct for differences in frequency response that remained despite care-
ful adjustment of the hearing aid gain. When that filter was applied on all recordings of
that hearing aid, normal-hearing subjects could no longer differentiate recordings from
different hearing aids from one another if all hearing aids were linearly fitted with sig-
nal processing turned off. Once a filter is made for a specific hearing aid, the filter
can also be applied on recordings of that hearing aid with noise reduction switched
on. This allows listening to the effect of noise reduction in isolated form, without
confounding effects of other processing. The method for hearing-aid recording and
inverse filtering forms the basis of the next three chapters, where noise-reduction im-
plementations from different hearing aids were perceptually compared.

Chapter 3: Noise reduction in linear hearing aids (normal-hearing listeners)

Chapter 3 describes the perceptual comparison of noise reduction from four different
linearly fitted hearing aids. Noise reduction appeared to differ between hearing aids
in the degree they reduce the noise annoyance and speech naturalness perceived by
normal-hearing listeners. Speech naturalness was only degraded at lower SNR (-4 dB),
where speech was more difficult to detect for the noise reduction. Intelligibility scores
and listening-effort ratings differed not between noise reduction on and off and only
slightly among noise-reduction algorithms. Preference differed both between noise re-
duction on and off and between algorithms. The preference results confirm that results
on noise-reduction effects of one algorithm can not be generalized to other algorithms.
Aside from differences between noise-reduction algorithms, the results reveal differ-
ences between individual subjects in their preferred weighting of noise annoyance and
speech naturalness.

Chapter 4: Noise reduction in linear hearing aids (hearing-impaired listeners)

Chapter 4 describes the perceptual comparison of noise reduction as in Chapter 3, but
now with hearing-impaired subjects and with three instead of four hearing aids. The
results of hearing-impaired subjects agreed well with those of normal-hearing subjects
in Chapter 3. Intelligibility was slightly reduced by the noise reduction that had most
positive ratings for noise annoyance, speech naturalness, and overall preference. These
findings confirm the commonly assumed trade-off between intelligibility and listening
comfort. Analysis on the individually preferred trade-off between noise annoyance
and speech naturalness as was done in Chapter 3 was not possible with the data in
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this chapter, because stimuli for the hearing-impaired subjects were at higher SNRs
where the speech naturalness was not perceptually degraded by the noise-reduction
algorithms evaluated.

Chapter 5: Noise reduction in compressive hearing aids

Chapter 5 describes measurements with the same three hearing aids as in Chapter 4,
but now we studied noise reduction in a compressive setting, which is more often ap-
plied in hearing aids than linear gain. Acoustical analyses showed that noise reduction
reduced gain during noise and compression during peaks in the speech signal, so that
the combined processing of noise reduction and compression reduced both the speech
and the noise level for our input stimuli with an SNR of +4 dB. Thus, compression
tended to have a negative effect on the SNR for our input stimuli, which was compen-
sated for by noise reduction. Perceptual measurements with hearing-impaired subjects
revealed that the combination of noise reduction and compression did not influence in-
telligibility for the hearing aids tested. The combined processing of noise reduction and
compression was for none of the hearing aids significantly preferred over no process-
ing, in contrast to noise reduction without compression (see Chapter 4, where noise
reduction in linear aids was significantly preferred over unprocessed for two hearing
aids from the same test set). This shows that noise reduction for application in hearing
aids should be developed and tested not only in isolation, but also in combination with
compression.

Chapter 6: Ideal and non-ideal noise reduction

Chapter 6 describes perceptual measurements with four different variations of a noise-
reduction algorithm. Two conditions had an ideal noise-tracker, which means that they
had access to the separate speech and noise input signal. One of these conditions com-
pletely removed noise-dominated time-frequency units (“ideal binary mask”), whereas
we limited attenuation in the other to a maximum of 10 dB (“tempered mask”) which
is more comparable with the amount of gain reduction that is applied in hearing aid
noise reduction algorithms. The other two conditions consisted of different real noise
estimators, combined with the same “tempered” attenuation function. The ideal condi-
tions revealed a trade-off between quality and intelligibility in relation to the attenua-
tion strength: infinite attenuation improved intelligibility the most, but reduced sound
quality due to the large fluctuation in gain that was perceived as sound distortions.
Non-ideal noise reduction showed errors in the estimation of speech and noise and
therefore did not improve intelligibility. However, it reduced the annoyance caused
by the noise and was therefore preferred by the subjects over no processing. Thus, im-
proving the subjective benefit while preserving speech intelligibility might be a more
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realistic goal in the development of noise reduction than trying to improve intelligibil-
ity at the cost of the subjectively perceived benefits.

Chapter 7: Detection thresholds for distortion from noise reduction

Chapter 7 describes a study in which we further explored the trade-off between re-
duction of noise and distortion of the signal, which is inherent to noise reduction. In
this study we artificially separated both effects to measure the detection threshold for
distortions, without possible confounding effects of reductions in noise level. The de-
tection threshold was higher for hearing-impaired subjects than for normal-hearing
subjects. This implies that for hearing-impaired listeners stronger noise reduction can
be applied without affecting the perceived sound quality than for normal-hearing lis-
teners. However, the preferred noise-reduction strengths of hearing-impaired listen-
ers were closer to their individual detection thresholds for distortion than for normal-
hearing listeners. This shows that, once distortions are audible, hearing-impaired lis-
teners tolerate fewer distortions than normal-hearing listeners. On average, normal-
hearing listeners and hearing-impaired listeners preferred the same noise-reduction
strength, but individual differences were large within both subject groups.

Considerations for implementation and presentation of noise reduction in hearing
aids

Given our results that noise-reduction implementations differ perceptually between
hearing aids (Chapters 3 to 5), from a clinical point of view it is undesired that noise-
reduction implementations are commonly presented as a “black box”. Clinicians need
at least information on the implemented maximum amount of gain reduction, time
constants, and frequency weighting of the gain (see Chapter 1) as well as the philos-
ophy behind the chosen parameter settings. Additionally, it is desirable to have more
options to adjust noise-reduction parameters within a selected hearing aid for an indi-
vidual listener. At least the maximum amount of gain reduction should be manually
adjustable over a wide range of settings, because individual listeners appeared to dif-
fer largely in their most preferred noise-reduction strength (Houben et al. 2012 and
Chapters 3 and 7 of this thesis).

The perceived benefit of noise reduction may be influenced by the expectations of the
listener. For both the manufacturers who market the hearing aids as well as for the clin-
icians who inform the hearing aid user, it is important to raise realistic expectations.
Especially hearing-impaired listeners getting their first hearing aid should be aware
that amplification will also increase audibility of annoying sounds and that noise re-
duction will not completely remove these sounds (Palmer et al. 2006).
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Considerations for selection and fitting of noise reduction in hearing aids

The hearing aid specific results in Chapters 3 to 5 should not be used to draw conclu-
sions on which of the hearing aids tested is best. First, the number of conditions stud-
ied was limited, and noise-reduction effects are known to differ between noise types
and SNRs. Second, all measurements were done in a laboratory setting and listen-
ers’ judgements were based on short sound fragments instead of prolonged listening.
Third, we studied noise reduction in isolation or in combination with compression,
thereby ignoring all other hearing aid processing features that may play a role in daily
use. Fourth, even in the same situation a listener may differ from other listeners in
which type of processing he/she prefers.

Nevertheless, the results of Chapters 3 to 5 indicate consistently that noise reduction
differs perceptually between hearing aids and that preference for noise reduction dif-
fers between listeners. This implies that more attention should be paid to tune the
noise reduction to the individual hearing aid user. Because the current noise-reduction
implementations barely provide the possibility to adjust settings to fine-tune noise re-
duction to an individual user within a hearing aid, the choice between hearing aids for
an individual becomes relatively critical with respect to the type of noise reduction im-
plemented. However, the lack of knowledge on the implementation causes that noise
reduction rarely plays a role in the selection of a hearing aid. But at least for listeners
with specific complaints in noisy environments, it is worthwhile to perform techni-
cal and perceptual comparisons in order to select the best noise-reduction system for
the individual listener and to fine-tune the noise-reduction parameters in a systematic
way.

Technical comparison of noise reduction in hearing aids

Technical measurements are required to obtain information on the implementation of
noise-reduction parameters if those are not provided in the specifications. The record-
ing method that was introduced in Chapter 2 and applied in subsequent chapters pro-
vides a useful tool to learn about noise-reduction characteristics (see Chapters 1, 3 and
5) and to listen to its effects (Chapters 3 to 5). Such measurements can be the basis for
perceptual comparisons, e.g. in a master hearing aid (Levitt et al. 1986; Grimm et al.
2006), see below.

A less time-consuming and more easily available method for clinical application is
to perform probe-microphone measurements with broad-band stimuli either in a 2cc
coupler or in the listener’s ear (McCreery et al. 2010). The differences in hearing
aid output spectrum between noise reduction on and noise reduction off show the
noise-reduction activity of the hearing aid. When the input signal is stationary noise,
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the spectral differences show the maximum gain reduction by noise reduction, its
frequency-dependency, and the time constant for entering a noise-only situation. Ad-
ditionally, an input signal of speech (ISTS-signal, Holube et al. 2010) or simulated
speech (ICRA signal, Dreschler et al. 2001) in noise reveals if noise reduction remains
active during the presence of speech. If noise reduction still reduces gain when speech
is present, one should be aware that the audibility of speech may be reduced. Although
not exhaustive, such verification provides a quick and useful glance in the black box
of hearing aid noise reduction. Ideally, the verification should be done after fitting the
hearing aid gain and compression according to the users’ individual hearing loss, for
compression can influence the efficiency of noise reduction and vice versa (see Chapter
5).

Perceptual comparison of noise reduction in hearing aids

Because not only the noise-reduction implementations differ but also the preference of
individual listeners, several noise-reduction systems and settings should be presented
to the hearing aid user to gain insight in his personal preferences. Direct comparison
of noise reduction on and off, and if available of different settings for noise reduc-
tion within a hearing aid can be done during the hearing aid fitting. However, it is
not practical to switch between hearing aids for direct comparison between different
noise-reduction systems. Perceptual comparison between noise-reduction algorithms
thus requires another approach, for instance a master hearing aid in which different
characteristic algorithms are implemented, or in which one algorithm is implemented
with the possibility to change a range of parameter settings. Paired comparisons of
settings then should reveal for instance whether the listener prefers weak or strong
noise reduction, quick or slow gain adjustments and frequency-specific or overall gain
reductions. This information can be combined with that obtained with technical mea-
surements as described above, in order to find the best noise-reduction system and
settings for an individual listener.

Considerations for future research on noise reduction in hearing aids

The results of the studies described in this thesis imply that there is room for improve-
ment in the use of single-microphone noise reduction to optimize the subjective per-
ception of speech in noise for individual listeners. Additional research is required to
clarify the many uncertainties that remain about noise reduction. It is more and more
recognized that single-microphone noise reduction does not improve intelligibility but
that it might provide benefit in terms of listening effort and listening comfort. It is
therefore recommended for future research to evaluate more thoroughly how existing
noise-reduction algorithms influence the sound quality in different situations rather
than adding new variations to the large amount of existing algorithms in attempts to
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improve intelligibility. A related research goal is the development of test methods that
can objectify perceptual benefit of noise-reduction algorithms.

Evaluation of existing noise reduction

Investigating all available hearing aid noise-reduction implementations extensively is
impossible, thus there is a need for a method to somehow generalize among algorithms
(Hoetink et al. 2009). The results described in this thesis (especially in Chapters 2 and
6) as well as previous results (Houben et al. 2012) suggest that the trade-off between
noise reduction and speech distortion might be a promising approach to characterize
noise-reduction algorithms as well as listeners. In Chapter 7 we made a start in investi-
gating this trade-off. The preference task that we used appeared to be a quick and easy
way to characterize an individual listener as a “noise hater” (preferring strong reduc-
tion of noise, irrespective the consequences for speech quality), as a “distortion hater”
(preferring original speech quality, irrespective the presence of background noise), or
as someone weighting both aspects more equally, or someone with no explicit pref-
erence. To characterize noise-reduction algorithms in terms of the trade-off between
noise reduction and speech distortion, the separate effects of noise reduction and dis-
tortion should be analyzed. If the implementation of the noise-reduction algorithm
allows the recording of the gain, this can be done in the same way as we did in Chap-
ter 7, by applying the gain to the speech and noise signals separately. For the black-box
algorithms in hearing aids, the Hagerman and Olofssen (2004) method that we applied
in Chapter 5 can be used to separate between the effects on speech and noise.

A systematic evaluation of the effect of specific noise-reduction parameter settings is
worthwhile, but impossible within hearing aids since the actual noise-reduction im-
plementations do not allow changing parameter settings in the extent that is required.
Noise-reduction algorithms that are described in detail in literature (see for instance
Loizou 2007 for several noise-reduction implementations) can be used for the purpose
of evaluating parameter settings. Although implementation in hearing aids is often
mentioned as a potential application of such algorithms, the state-of-the-art noise-
reduction algorithms from literature generally differ largely from the noise reduction
implementations in hearing aids. To make the results of such an evaluation more appli-
cable for hearing aids, the maximum amount of gain should be limited and the number
of frequency channels should be reduced (see Chapters 6 and 7). Additionally, the pos-
sible influence of compression on the noise-reduction effect should be considered to
increase applicability of results for realistic use in hearing aids (Chapter 5).

To assist in the evaluation and development of noise-reduction algorithms, one would
like to be able to predict the effect of noise reduction on sound quality and intelligibil-
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ity without the need for time-consuming listening experiments. To achieve this goal,
several objective measures were developed that estimate changes in quality or intelli-
gibility by comparing the processed signal with the original speech signal. Examples
of such measures are the Extended Speech Intelligibility Index (ESII, Rhebergen et al.
2005) and the Coherence Speech Intelligibility Index (CSII, Kates and Arehart 2005)
for predicting speech intelligibility. Examples of models for predicting sound quality
are the Hearing Aid Speech Quality Index (HASQI, Kates and Arehart, 2010; see also
Chapter 2), the Perceptual Evaluation of Speech Quality (PESQ, Rix et al. 2001), and
PEMO-Q (Huber and Kollmeier 2006). Current modeling attempts, however, were not
developed and evaluated specifically for the goal of evaluating noise-reduction pro-
cessing. Some studies explored the performance of a number of these models on pre-
dicting noise-reduction effects, with diverging results (Marzinzik 2000; Loizou 2007;
Taal et al. 2009). As a result, it is currently not possible to reliably predict the perceptual
effects of noise reduction, and listening experiments remain required. Further devel-
opment and evaluation of objective models is required to make them more appropriate
for evaluation of noise-reduction effect, taking into account both the effects on speech
quality and on noise level (Marzinzik 2000). The listening experiments described in
this thesis provide useful data for the development and evaluation of objective mod-
els.

Development of methods to objectify noise-reduction effects

The focus of hearing aid noise-reduction evaluation shifted during the last years to-
wards cognitive measures, especially to listening effort. The underlying theory is that,
although noise reduction does not increase intelligibility scores, it might be that the
cognitive load required to obtain the same intelligibility scores is decreased due to the
reduction of background noise. Several attempts were made to objectively quantify the
cognitive load. Examples of these attempts are the use of dual tasks, where the perfor-
mance of a second task is assumed to reveal how much cognitive load is used by the
first (listening) task (Sarampalis et al. 2009), and the use of reaction times, where the
time in between the presentation of the speech stimuli and the listener’s response to
a task (simply repeating the stimulus or, more difficult, performing an arithmetic task
for digit stimuli) is assumed to be related to the cognitive load (Houben e.a. under re-
vision). Objective measures for listening effort may also be useful for determination of
the optimal trade-off between noise reduction and speech distortion for an individual
listener: whereas decreasing noise level decreases the cognitive load, increasing speech
distortions are expected to increase cognitive load. However, until objective cognitive
measures can be used for these purposes there is still a long way to go in optimization,
verification, and validation of the measures.

140



Summary and discussion

The results in this thesis imply that noise reduction can indeed positively contribute to
the compensation of the number-one complaint of reduced speech perception in noise.
However, an important requirement is that the hearing aids are chosen and fitted well.
Unfortunately, the latter is not guaranteed in current clinical practice due to lack of
knowledge in this field. There is room for improvement if we increase our knowledge
along the lines initiated in this thesis. This knowledge can be translated into clinical
procedures for selection and fine tuning of noise reduction. Given the large-scale appli-
cation of noise reduction in the vast majority of modern hearing aids and the relevance
of compensating the complaints about noisy situations, it is worthwhile to continue
research on the perceptual effects of noise reduction.
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