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One of the most important steps in a hearing aids fitting procedure is determining hearing
dynamic characteristics. The hearing dynamic characteristics are typically calculated on the
basis of loudness scaling test results. The problem is that the loudness scaling test results are
presented on a loudness category scale, but a hearing prosthesis requires numerical parameters
to be fed. A fuzzy logic method is useful for processing parameters expressed in human natural
language. In this paper a fuzzy logic-based system for loudness scaling result processing is
shortly presented. On the basis of the developed fuzzy system a way to shorten the loudness
scaling test was found out.
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1. Introduction

Generally, a hearing aid fitting process can be described as scaling of wide-ranged
dynamics of speech to the narrow-ranged dynamics of impaired hearing. To solve this
problem, most of hearing aids use dynamic processors such as a compressor and ex-
pander [7].

To obtain a hearing dynamics (HD) characteristics, loudness scaling test (LST) re-
sults are needed. To asses loudness level natural language is used, but hearing aid fitting
requires parameters on a numerical scale. Fuzzy logic is one of the simplest artificial
intelligence methods, which is especially useful in converting parameters expressed in
a natural language to proper parameters on a numerical scale [4]. Therefore, this paper
is dedicated to the use of fuzzy logic to LST results processing. When developing the
fuzzy logic system (FS) a way to shorten the LST was elaborated. Principles of this
method are presented in the following paragraphs.
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1.1. The loudness scaling test principles

In clinical practice several types of LST are used. For the method developed a well-
known LGOB method (Loudness Growth in 1/2 Octave Bands) was chosen. The LGOB
rules are simply and easy to implement. Moreover the LGOB principles are similar
to other commonly used LST such as e.g the WHF (Wurzburger Horfeld) method,
but the LGOB test principles are easier to understand [1, 5].

During the LGOB subjective loudness evaluation a patient is listening to test signals
which loudness level is changed randomly. The patient has to assess loudness sensa-
tion for each test signal using the prescribed seven point loudness category scale (e.g.
very quiet, quiet, comfortable, loud, very loud, uncomfortably loud). Test signals con-
sist of the white noise signal filtered in four half octave bands with the middle frequen-
cies: 500, 1000, 2000 and 4000 Hz. Each test signal is presented at least three times
during the whole test. A patient’s responses are collected for each test signal. When the
test is finished, a loudness scaling characteristics is determined. The obtained curves
(for each examined frequency band and for each examined ear) describe loudness scal-
ing characteristics (Fig. 1).

Fig. 1. Example of loudness scaling characteristics.

2. Employing fuzzy logic for Loudness scaling processing

The LST results are presented as a loudness category scale vs. the input loudness
level, but a hearing aid amplifier requires characteristics in the form of the output loud-
ness level as a function of the input one. It means that converting LST results from the
loudness category scale to the numerical decibel scale, which represents output loudness
level, is required. In order to do this, a FS was proposed and designed. The most suit-
able method for a converting categorical scale to numerical values is a fuzzy logic-based
processing [4, 6]. The developed FS requires data such as follows:

• loudness scaling results for NH (normal hearing) persons – presented as the input
membership functions,

• loudness scaling results for a given patient – each loudness scaling result rep-
resents a vector of three parameters (loudness level of the test signal, frequency
band, selected loudness category),

• knowledge concerning interpretation of difference between results obtained for
the examinee and NH persons (fuzzy logic rule base),

• output membership functions, which describe all possible differences between the
examinee and NH loudness scaling results.
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One of the most important information for the developed FS is the knowledge of
LST results for NH people. This knowledge is represented in the FS by input member-
ship functions. Because seven loudness categories are used in the LST (LGOB test),
seven fuzzy sets per each frequency band are defined. Each fuzzy set is described by
one membership function. In order to obtain these functions, 51 NH students were ex-
amined. An example of the input membership functions for one frequency bands is
presented in Fig. 2.

Fig. 2. Example of membership functions approximation with trapezoid functions.

In the process of predicting a membership functions shape, a very important as-
sumption was done that the membership function conforms to the probability density
function features. During the calculation process, two types of functions were taken
into consideration: Gaussian (normal distribution function) and the trapezoid functions.
The normal distribution function may be assumed in case the membership function
shape is unknown, however the Gauss function never reaches zero value. In the fuzzy
system case it means that each element belongs to all fuzzy sets (overlapping each
other). In consequence, a fuzzy system performs more operations, because every rule
is activated each time and thus a defuzzification procedure is more complicated. The
trapezoid membership function shape is the most frequently used. This type of function
requires only four parameters (trapezoid vertices). In a particular case, the trapezoid can
be reduced into a triangle. When comparing Pearson test results for the Gaussian and
trapezoid shapes of member-ship functions performed in this particular study it can be
concluded that the trapezoid ones are better fitted than Gauss functions to the member-
ship function shape prediction process [6].

Comparing the LST results on a seven point scale, 13 types of differences can be
defined. Both the negative and positive difference means hearing impairment, but in ad-
dition – positive differences usually denote a loudness recruitment problem. On the basis
of these differences thirteen output membership functions were created (see Fig. 3) [3].

An appropriate fuzzy processing based on rules was defined in the fuzzy rule ba-
se (FR). In this case two input variables were defined:

• Norm – represents the LST results for NH person,
• Exam – represents the LST results for the currently being examined person.
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Fig. 3. Output membership functions.

Because each variable uses the same loudness category scale, the variable which rep-
resents an examinee, uses labels written in capital letters. In the developed FS a simple
FR base was defined (Fig. 4). If for the same test signal LST results for the examinee
and NH people are the same, the FS activates a rule with the output label “no differ-
ence”. If such a difference is equal to one category, the FS activates a rule with the
output labeled as “very small”. If the difference equals two categories, the FS activates
a rule with the output labeled as “small”, etc. Experts from The Institute of Hearing
Physiology and Pathology in Warsaw checked the rules proposed [2].

Fig. 4. The rule base.

3. Results of the fuzzy logic based loudness scaling test

The first step in the verification process of the designed method for LST results
processing was to check correctness of the obtained HD characteristics. In this case,
the obtained characteristics were compared with the characteristics calculated with stan-
dard method based on an average LST results for NH people. The comparison has shown
that the HD characteristics obtained on the basis of the designed FS are in a good accor-
dance with expected results, which was checked using thorough statistical analysis [6].

The main inconvenience of the LST is its long duration. The average test duration
can be even 10 minutes per ear. Too long test duration is tiring for a hearing impaired
(IH) person and may influence the results. This was the reason to find out the way to
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shorten the test duration and to save results reliability. The most intuitive idea seems to
cut down the number of test signals. In this case, only the most characteristic test signal
per each loudness category could be selected. This implies that only seven different
test signals per each frequency band during the test could be used. In this case the test
duration could be shortened to about 4 minutes per ear (more than twice). The test
signal level which corresponds to the membership function maximum value is a good
candidate to be a selected as the test signal. It means that loudness level of these test
signals were chosen during the extensive tests with NH people.

The designed shortened loudness scaling test (sLST) was verified. In the verification
process a group of twenty normal hearing students and three HI persons took part. First
the NH students were examined with the standard LST and a few minutes later each of
them performed the shortened LST. During the tests time was measured. Comparing test
results it can be observed that obtained loudness scaling characteristics in a shortened
mode are very similar to results gathered in a standard mode (Fig. 5). Times achieved
in a shortened mode of LST are more or less twice shorter than in a standard mode (e.g.
9.5 min for standard LST and 5.5 min for sLST).

Standard LGOB test Shortened LGOB test

Fig. 5. Examples of loudness scaling results obtained in standard and shortened mode for NH students.

In the case of the HI person, each type of LST was repeated several times. The aim of
these examinations was to check how the loudness scaling characteristics for the patient
in a period time is changing. Figure 6 presents examples of the LST results collected
within two weeks. The solid lines represent results obtained in the standard mode and

Fig. 6. Examples of loudness scaling results obtained in two loudness scaling test modes for the same
hearing impaired person, the solid line – standard test LGOB, the dashed line – shortened LGOB test.
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the dashed lines represent results obtained in shortened mode. It can be observed that the
loudness scaling characteristics obtained in a standard mode are changed in the similar
way as the ones obtained in a shortened mode. In this case examination time was also
measured. The proportion between duration of the standard mode and the shortened
mode is the same as in the normal hearing people case.

4. Conclusions

Utilizing fuzzy logic for processing of LST results approached two purposes of this
study: flexible and effective method for calculating HD characteristics was designed,
and the shortened LGOB test was created. The designed fuzzyLGOB converter allows
calculating precisely a HD characteristic which is useful for both making hearing im-
pairment approximate simulation and for hearing aid fitting. From the formal point of
view utilizing the artificial intelligence method for processing loudness scaling test re-
sults, expressed in loudness categories, is more correct than approximate calculation
of the HD characteristics on the basis of average results for NH people. The designed
method is easy to implement and can be updated to other frequency bands or differ-
ent loudness category scale. Additionally, based on the statistical analysis of loudness
scaling results for NH, it has been become possible to shorten the LST duration more
than twice. It means that in a much shorter time it is possible to obtain reliable HD
characteristics.
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