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1. General Introduction

In everyday life the term loudness is not clearly defined. Often it is a
mixture of different hearing sensations. In psychoacoustics the sensation
loudness corresponds to the physical property of intensity of the sound.
However, the sensation loudness depends not only on the intensity of
the sound, but also varies with other physical parameters such as e.g.
frequency-spectrum and duration. One way to measure loudness is to ask
the subjects to adjust the level of one signal to get the same hearing im-
pression of loudness as a reference signal (loudness matching procedure).
As the reference signal usually a 1 kHz tone is used. With this procedure
curves of equal loudness impression can be obtained as a function of one
(or several) physical parameters. When loudness is measured as a function
of frequency this curves are called equal-loudness level contours (ELLC)
or isophons. The unit of the loudness is phon and is defined as the inten-
sity of a 1 kHz tone in dB SPL producing the same loudness sensation as
the signal at a given level.

The shape of the curves, shown in Fig. 1.1 reflects the different loud-
ness impressions when reproducing the same sound at different levels. A
minimum is observed at 4 kHz for the lowest ELLC. This reflects the
high sensitivity of the ear to frequencies around 4 kHz. The increase of
the curves on both sides indicate that at very low level the ear is rela-
tively insensitive for very low and high frequencies. In everyday life the
phenomenon is known when listening to music at a soft level over a hi-fi

system. The hearing impression is 'thin’ with a dominant mid frequency



1. General Introduction

range. To compensate for this phenomenon some audio amplifiers have a
'loudness’ function which raises the low and high frequencies. But as one
can see from Fig. 1.1 at higher levels the curves are compressed. Since the
loudness function of most amplifiers is independent of the level, at high
levels, where the ear is almost equal sensitive for all frequencies, the sound

is described as 'boomy’.

120

100

Figure 1.1.: FEqual-loudness level

i

% contours defined in
) IS0 226 in the range
% 00¢ ] of 10 to 100 phon

in steps of 10 phon.

40¢ The ordinate repre-
sents the sound pres-

20 . sure level.

0

20 50100200 500 1k 2k 5k 10k
Frequency [Hz]

Another application of the equal-loudness level contours is the measure-
ment of loudness level, where a frequency weighting is used to obtain a
better agreement between measured and subjectively perceived loudness
impression. The weighting reflects the frequency dependent sensitivity of
the ear. Different weighting curves are defined in DIN/IEC 651 [1981].
The A-weighting reflects the inverse 30 phon contour. The B-weighting
corresponds to the curves between 30 and 60 phon and the C-weighting
corresponds to higher ELLC'.

Thus, equal-loudness level contours are of fundamental interest for the

loudness calculation and therefore reliable data are important. New data



for the equal-loudness level contours show considerable differences in the
results of different laboratories, although the investigations were performed
using the same method. All new results from Betke [1991], Fastl et al.
[1990], Suzuki et al. [1989], Watanabe & Mpgller [1990] show the uniform
tendency to lie above the standard values of ISO 226 [1961]. A detailed
overview over former data and the reason for the re-determination is given
in the second chapter of this study.

The new data cannot directly be used for the definition of a new standard
since there are considerably differences between the different studies. A
prominent example are the two newer measurements from Betke [1991]
and Fastl et al. [1990] which were carried out under well defined and com-
parable conditions. For a frequency of 125 Hz data from Betke are up to
11 dB higher than data from Fastl et al.

A systematic investigation and comparison of these two works was done
by Gabriel [1996]. Differences between both studies were examined in
detail and several parameters of the measurement setup were systemat-
ically varied to determine the influence on the results. Gabriel showed
that the largest differences between the two studies could be attributed
to the employed level range which was presented to the subjects. The
judgments of the subjects were mostly influenced by the absolute posi-
tion of the level range of the presented test-tones. This effect increased
with increasing frequency distance between test- and reference-tone. This
so-called range-effect was firstly systematically investigated by Gabriel for
the determination of ELLC. Gabriel proposed a simple adaptation model
which explained the effect in a first approximation.

In the present work the model was also applied to data from the literature.
The model was explored in detail and its requirements and limitations were
discussed in Chapter 2. Furthermore a measurement procedure consider-
ing the findings of Gabriel was proposed.

An adaptive procedure was used for the determination of the equal-loudness
level contours. This procedure is in agreement with the two alternative

forced choice procedure recommended by (ISO/TC43/WG1/N122 [1988]).
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The results are compared to the one obtained with the method of constant
stimuli in Chapter 3.

In Chapter 4 the range effect was investigated for equal-loudness levels
measured with an adaptive procedure. Two different experimental param-
eters — starting level and initial step-size — were systematically varied to
quantify their influence on the obtained results and to estimate the max-
imum measurement error in the adaptive procedure. In the literature it
is argued that the influence of the employed starting level is minimized
when using an adaptive procedure with interleaved tracks. Thus, an inter-
leaved adaptive procedure was tested which is comparable to the method
proposed by Florentine et al. [1996] to measure equal-loudness level con-
tours. First a simple procedure with two tracks similar to Jesteadt [1980]
and then an interleaved procedure with four tracks was tested. This in-
terleaved procedures are described in Chapter 5.

In addition, the influence of interindividual differences in absolute thresh-
old of hearing on equal-loudness level contours was investigated in this

study.



2. Analysis of data from the
literature concerning
equal-loudness level contours

Several laboratories published data for equal-loudness level contours. The
first systematic measured data were obtained by Kingsburry [1927], fol-
lowed by Fletcher & Munson [1933], Churcher & King [1937], Zwicker &
Feldkeller [1955] and Robinson & Dadson [1956]. In 1961 data were stan-
dardized in ISO 226 [1961] which was mainly based on data from Robinson
& Dadson [1956]. In Figure 1.1 equal-loudness level contours (ELLC') de-
fined as in ISO 226 are plotted from 10 up-to 100 phon in 10 phon steps.
As one can see from Fig. 1.1, ELLC in the frequency range around 400 Hz
are lower compared to those around 1 kHz. Hence, the human ear should
be more sensitive to a 400 Hz tone than to a 1 kHz tone. However, loudness
comparison measurements from Fastl and Zwicker [1987] in this frequency
range yielded to different results. Because of these discrepancies a revi-
sion of ISO 226 was decided. Newer results, e.g. Betke [1991], Fastl et al.
[1990], Gabriel [1996], Suzuki et al. [1989] and Watanabe & Mgller [1990]
show the tendency to higher values than the standard values of ISO 226
[1961] for all frequencies below 1 kHz.

However, the new data cannot be used as a new base of standardiza-
tion, since they show considerable differences among different laborato-

ries. Even within the same working group, different values are published
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for the same ELLC' in the literature. A comparison between the paper
from Mpgller & Andresen [1984] and Watanabe & Mgller [1990] is given in
Appendix A.1.

Differences between newer data are remarkable because all results were ob-
tained under the same recommended measurement procedure ISO/TC43/
WG1/N122 [1988] which is a two-alternative forced choice procedure (2-
AFC). However, the interpretation and application of the 2-AFC proce-
dure was different in these studies. Whereas most research groups used
the method of constant stimuli, Watanabe & Mgller [1990] employed an
adaptive procedure. But also for the studies using the method of constant

stimuli, results differed markedly.

65 . .
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For example, in Fig. 2.1 two test-series from Betke [1991] and Fastl et al.
[1990] are shown. Both curves are higher than data from ISO226. Data
from Betke lie above the results from Fastl. For a frequency of 125 Hz
loudness level from Betke [1991] is about 11 dB higher than the value

from Fastl et al. [1990]. Deviations between former and recent results



were expected. They could be attributed to the employed measurement
devices (e.g. loudspeakers, amplifiers). However, this is not the case for the
new data.Thus, deviations between data from the literature from different
studies should be contributed to differences in the experimental setup. For
example, the level range of test-tones in the 30 phon-experiment of Betke
was 32 dB whereas Fastl employed a range of only 16 dB. In addition,
the mean level calculated over the presented level was higher in Betke’s
experiments. Betke tried to minimize the influence of the level range by
presenting a large level range. The influence of the level range was investi-
gated by Garner [1953]. In his experiments he reported about the tendency
that the loudness level was close to the midpoint of the presented compar-
ison tones. The results were strongly influenced by the employed range of
the presented stimuli.

In the work of Gabriel [1996] the reason for the differences between the
results from Betke [1991] and Fastl et al. [1990] were systematically inves-
tigated. The influence of the measurement room, the individual subject,
the choice of test-tone levels, the number of test-tone level presentations,
the size of the level range and the absolute position of the level range were
examined. In agreement with Garner [1953], the experiments of Gabriel
indicated that the absolute position of the level range was the main reason
for the deviation between the data, whereas other parameters had minor
influence on the equal-loudness level contours.

The influence of the size and the absolute position of the level range was
frequency dependent and increased for large frequency distances between
test- and reference-tone. The effect was called 'range-effect’ and was ex-
plained in a first approximation by a simple adaptation model. In the

following requirements and limitations of the model will be discussed.
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2.1. Model for the range effect proposed by
Gabriel

The aim of the model proposed by Gabriel was to predict the amount of
the range effect, depending on the employed measurement configuration.
Applied to data from the literature, deviations between different labora-
tories should be minimized.

The concept of the model for the explanation of the range effect was based
on a model proposed by Helson [1964]. He proposed a model to calculate
for absolute loudness judgements by accounting for the weighted mean

intensity of all stimuli affecting the judgement.
logAL = (1 — w)logS + wlogC (2.1)

AL = adaptation level
S = geometric mean intensity of all stimuli
C = intensity of the context stimulus

w = relative weighting of the two components

A comparable model was proposed by Marks and Warner [1991] who per-
formed loudness experiments using a magnitude estimation procedure. In
their experiments the influence of the employed level range on the result-
ing loudness was also shown.

Transferred to the paradigm of loudness comparisons the point of sub-
jective equality (PSE) would not only be determined by an ’internal’
absolute value (ABS), but could also be influenced by a relative value
(REL). This value REL which could be derived from the level range of
the presented test-tones. The extent of the influence was proportional to
the ’internal” absolute value and its distance to the relative value with a
frequency dependent weighting-factor w. This weighting factor reflected
the effect that results were strongest biased for large frequencies distances

between reference- and test-tone (see Gabriel [1996]).



2.1. Model for the range effect proposed by Gabriel

In the work from Gabriel the following model was proposed, whereby in
the first approximation RE L was assumed to correspond to the mean level

(ML) of the employed test-tone level range:
PSE = ABS + w(REL — ABS) (2.2)

Evidently, this concept requires the existence of the absolute value ABS.
Transferred to the loudness comparison this means the acceptance of the
possibility of an absolute comparison judgment. If ABS is comparable
between individuals, reproducible values should be obtained. Only in this
case a standardization of equal-loudness level contours would make sense.
ABS can be calculated as:

ABS = — psE— - REL (2.3)

1—w 1—w

The PSE-judgement submitted by the subject emerges from the ABS-
measure through a change in the direction of REL (Eq. 2.2), which is
determined by the presented test-tones. The value of w must be less than
1 (for a w = 1, the value ABS would be insignificant). The value REL
reflects the experimental design. Gabriel has determined that REL de-
pends on the absolute position of level range of the test-tones, presented
to the subject. Results could be modeled, if REL is calculated from the
presented maximum- and minimum level. In the determination of REL
Gabriel accounted for the stronger influence of the maximum level (than
the influence of the minimum level), by the following empirically deter-

mined equation: !

REL =08 MAX +0.2 MIN (2.4)

The shape of w was chsoen to be similar to the shape of an auditory filter

as proposed by Patterson et al. [1974] on the basis of notched-noise data.

'In the literature it is common to calculate percentile values from the distribution of
the employed level. In this example percentile values are calculated by taking only
the max and min value into account. This could be done for Gabriel’s data since
they were equally distributed on a level scale [in dB]. Thus Eq. 2.4 corresponds to
the L20.
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For loudness comparisons w reflects that the influence of the experimental
design increases for larger frequency distances between test- and reference-

tone. The curve calculated from Eq. 2.5 is shown in Fig. 2.2.

w=—0.1%10log((1 —r)* (1 + px*g) *xexp(—p*g) + 1) (2.5)
r = 0,00001
p=46.4
w=PSE/ML

ML=, TN
T;= level of the presented test-tones

N= number of trials

9 = |(frr — frrl/frr

frr = frequency of the test-tone

frr = frequency of the reference-tone

0.7

0.6}

Figure 2.2.:  Weighting function
for  modeling  the
range-effect proposed
by Gabriel. The
size of w reflects the
frequency dependent

amount of the range

effect.

125 250 500 1k 2k a4k
Frequency [Hz]

However, a systematic investigation of the model assumption is still lack-

ing. Gabriel indicated that a level measure may not be optimal for the

10
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determination of REL from the distribution of the test-signals. The higher
weighting of higher levels suggests the application of loudness levels instead
of levels in [dB SPL| with Eq. 2.4.

In the next section the model will be applied to loudness data published
from different laboratories, to investigate if differences between ELLC

data could be minimized.

2.2. Application of the model to data from

the literature

Unfortunately in most studies in the literature not all measurement pa-
rameters were mentioned which are necessary for the calculation of ABS
(see Eq. 2.3) . Therefore, in this section only test-series were considered,
where the test-design was described in detail. The model was first applied
with the parameters proposed by Gabriel to four test-series to test if dif-
ferences between the results of different laboratories can be minimized. In
addition, to quantify the influence of the different parameters on the re-
sults and to look if an improvement (in the sense of minimizing differences
between loudness data from the literature) could be achieved, the model

prediction were calculated with different realization of REL and w.

In Fig. 2.3 (left panel) test-series from Betke [1991] and Fastl et al. [1990]
are shown. In addition data from Gabriel [1996] which were obtained under
the same experimental conditions as in the studies from Betke (denoted as
Betke-BG) and from Fastl (denoted as Fastl-BG) are shown. Data from
Betke lie above the results from Fastl. This is true for the original data as
well as for the reproduced measurements from Gabriel. These differences
increase for large frequency distances between test- and reference-tone. All
four test series lie above ISO 226, close to that curve are the reproduced
measurements from Gabriel under the condition from Betke, the highest

values are the original data from Betke. The next lower curve indicates the

11



2. Analysis of data from the literature concerning ELLC

65 : : 65 : :
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Figure 2.3.:  Left: 30- phon curves from Betke (O) and Fastl (x) and
reproduced data from Gabriel (dotted lines) Right: Calculated
ABS values using the values of the left figure with Eq. 2.2.
REL was calculated as Loy from Eq. 2.4.

reproduced data from Gabriel determined with the condition from Fastl
and the lowest contour (except for the data of ISO 226) are the original
data from Fastl. Differences between the sets of Betke and Fastl, as well
for the reproduced data, increase for lower test-tone frequencies. For most
of the frequencies the reproduced data lie close to the original data, but
at 160 Hz reproduced data from Gabriel are 4 dB higher than the original
data from Fastl. At 630 Hz reproduced data from Gabriel (Betke-BG) are
3.7 dB higher than the original data from Betke, this difference is by a
factor 2 larger than the difference between the original data from Betke
and Fastl.

The model was applied to these data to test if differences between the

studies could be explained by accounting for the range effect. Under the

12
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assumption of a frequency dependent weighting-factor w, shown in Fig. 2.2,
ABS values from the measurements (Fig. 2.3, left panel) were calculated
and shown in the right panel of Fig. 2.3. The relative value REL (see
Eq. 2.4), was calculated on the base of 80 % max and 20 % min level
of the presented test-signals at the respective frequency. In general, the
results are not convincing. Some measurement differences are lowered ac-
cording to the model’s objectives Eq. 2.2. But on average the variance
between the data increases. Especially for the original data from Betke,
the model predicts unrealistic low values for frequencies in the frequency
range from 500 to 800 Hz. For example, at 630 Hz the resulting ABS
value is reduced to 17.3 dB. This is probably well below a realistic value.
In this case the influence of the measured PSFE is to strong. Gabriel’s
original data for 630 Hz are 3.7 dB higher than Betke’s original data at
this frequency. The model increases this difference to 7.8 dB.

To show how a small change in the measured REL data is enlarged in
the resulting ABS due to the model, different ABS values were calculated
for some possible values of REL. The results are shown in Table 2.1. At
630 Hz the weighting function is close to 0.5 (see Eq. 2.5 and Fig. 2.2).
In addition ABS values are calculated for a w of 0.3 which is the weight-
ing factor for 800 Hz. With this smaller value w, unreasonable low ABS
values could be avoided. Because the weighting function has a relatively
sharp minimum in this region and is only calculated for a small amount
of frequencies by Gabriel this change in the weighting factor is not unrea-
sonable. However, even with the smaller w the obtained results are still
below all measured data. In section 2.3 a systematically analysis will be
done for the parameters of the model.

The consequence of the model given by Eq. 2.2 becomes clearer when data
of the four single test-series are averaged. Fig. 2.4 shows mean and stan-
dard deviation of the original data on the left and the predicted ABS data
on the right panel. Evidently the model (Eq. 2.2) reduces at some frequen-

cies the deviations between different experimental designs (frequencies be-

13



2. Analysis of data from the literature concerning ELLC

PSE | ABS (w=0.5) | ABS (w=0.3)
27 12.5 20
30 18.5 24
33 24.5 29

Table 2.1.: Calculated ABS values for three different values of REL and

two values for w.

low 400 Hz). However, at higher frequencies and especially at 630 Hz the
contrary effect occurs. Eq. 2.2 shifts the contour at low frequencies to
lower values, here of about 3 dB below 200 Hz reflecting the experimental
procedure. More levels below the resulting PSE were offered at low fre-
quencies.

The value REL was just estimated empirically by Gabriel, a different de-

termination of REL will be proposed in section 2.3.1.

Application of the model to higher and lower level

Although the model could not minimize the discrepancies between Betke
and Fastl data it may reduce the differences between the new data from
the studies of (Betke [1991], Fastl et al. [1990], Suzuki et al. [1989] and
Watanabe & Moller [1990]), to a reasonable degree. An overview over the
employed procedures and the measured contours is given in Table 2.2.

In contrast to the last section, data were calculated with the model for
others than the 30 phon contour, in order to see if the modeled data show
the global trend of moving closer together.

The analysis was restricted to the frequency range below 1 kHz, where
most data are available and the largest discrepancies occur. The REL
was calculated with Eq. 2.4 proposed by Gabriel [1996]. Since in the lit-
erature only little information about the presented levels are available, a
calculation regarding the distribution of the employed level was not pos-
sible.

The original loudness data and the estimated ABS data are shown in the

14
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Figure 2.4.: Left panel: Summary of the original data from Fig. 2.3 (left
panel) with standard deviation. Right panel: Average of the
calculated ABS wvalues (Fig. 2.8) with standard deviation us-
ing the values of Fig. 2.3(left panel) with Eq. 2.2. Solid line
represents data from ISO 226.

next figures. Equal-loudness level contours measured by Betke [1991] (O),
Fastl et al. [1990] (x), Suzuki et al. [1989] (A) and Watanabe & Mgller
[1990] (O) and estimated data (filled symbols) are shown in Fig. 2.5 for 20
to 50 phon and Fig. 2.6 for 60 to 80 phon.

From the data shown in Fig. 2.5 and Fig. 2.6 it can be concluded that the
model can not account for all differences between the original data. Of
course some data are lowered and move closer to ISO 226. For the equal-
loudness level contours at high values it may be not surprising that the
model fails, because it was only developed and tested for the lower con-
tours. Data from Watanabe & Moller were determined with a procedure
which differs to the one employed by Gabriel, this might be one reason for
the fail of the model.

15



2. Analysis of data from the literature concerning ELLC

Research group || Loudness Level | Frequency Range Method
Betke 30, 40, 50, 60 50 - 12500 constant stimuli
Fastl 30, 50, 70 100 - 1000 constant stimuli
Suzuki 20, 40, 70 63 - 12500 constant stimuli

Watanabe 20, 40, 60, 80 31.5 - 1000 adaptive 2-AFC

Table 2.2.: The employed procedures, frequencies and loudness level con-
tours determined by the indicated groups. The measured data

are the basis for the calculation of the modeled contours.

It is surprising that the strongest influence of the model is not seen at
low frequencies, but is in the frequency region around 500 Hz. In this
frequency region calculated data have a relatively sharp minimum which
is not found in the measured data. This problems already occurs for cal-
culated data from Betke (see Fig. 2.3 and Table 2.1). The shape of the
weighting function is questionable (see Eq. 2.5 and Fig. 2.2). In addition,
the correct calculation of REL can not be determined from these data.

In the next section the parameters of the model will be systematically

analyzed.

16
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Figure 2.5.: Equal loudness level contours measured by Betke [1991] (O),
Fastl et al. [1990] (x ), Suzuki et al. [1989] (A) and Watanabe
& Mpller [1990] ( ©) for 20, 30, 40 and 50 phon. Filled sym-
bols represent ABS data calculated with the model (Eq. 2.2).
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Figure 2.6.: Same as in Fig. 2.5
but for 60, 70 and 80
phon.



2.3.  Analysis of the model
2.3. Analysis of the model

2.3.1. Influence of the determination of REL

Gabriel found that the results was mostly influenced by the highest pre-
sented level. Therefore Gabriel proposed a 80% to 20% weighting (see
Eq. 2.4) for the max and min level for the calculation of REL. This
weighting suggests the application of loudness levels instead of intensity in
[dB SPL]. Hence, in this section the model given by the equation Eq. 2.2
was in addition applied for level values converted to Zwicker-loudness (see
Zwicker and Fastl [1990]):

0.3 s
Nigrz 1 (IlkHz) ~ o) /10 (2.6)

sone 16 Iy

The 'medium’ loudness depends on the presented range and distribution of
the test-signals. But the question remains what is the 'medium’ loudness,
relevant for the subjects’ decision.

In the following REL was calculated either as medium loudness Ns5o or
as a IV, which correlates better to the loudness of time varying signals.
Stemplinger & Gottschling [1997] proposed a Nj for time varying traffic
noise. A good overview can be found in Zwicker & Fastl [1999].

It must be emphasized however there are still not enough data, how the
distribution of the test-signals influences the medium loudness in the de-
termination of ELLC.

The optimization was accomplished with a differently chosen RE L-values.
Fig. 2.7 shows calculated equal-loudness level contours for different cal-
culation of REL. The top left panel shows contours obtained whereby a
RFEL is calculated from loudness levels is employed. All levels presented
to the subject were transformed to loudness levels (Eq. 2.6) and than cal-
culated with Eq. 2.2. The right panel shows equal-loudness level contours
calculated with a N3; percentile as REL. Again for some frequencies
(e.g. 630 and 800 Hz) the differences between the data from the model

become larger than deviations between original data and for some frequen-
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2. Analysis of data from the literature concerning ELLC

cies e.g. 315 and 400 Hz, variance could be reduced. In comparison to
the data shown in Fig. 2.4, the calculated values are higher than the data
calculated with the original implementation of REL and lie closer to the
original data. The unreasonable low data shown in Fig. 2.3 (right panel)
and Fig. 2.4 (right panel) for the frequency of 630 Hz can be avoided with
the employed loudness calculation. This is reflected in a smaller standard
deviation at that frequency when averaging over the 4 test-series.

The figure on the bottom left side shows calculated RE L-data using Eq. 2.4
but with a 50% weighting for min and max level. This calculation was
done to show the difference between using the loudness (N5g) calculation
and averaging level values (Lsg). As one can see data calculated with the
Lo are higher and have larger deviations than the one calculated with
Nsp. Calculated data are up to 7 dB higher than the original data (Betke
125 Hz), even for the measured data from Gabriel the calculated data
are up to 4.8 dB higher than the measured data (only averaged data are
shown).

Although in this section was shown that the modified calculation of REL
using loudness values reduces differences between data from Fastl, Betke
and Gabriel, an application to a wider range of data published in the lit-
erature was not investigated, since in the literature only little information
about the presented level are available, a calculation regarding the distri-
bution of the employed level was not possible.

In addition the question remains, if the reduction between data from the

4 studies using the proposed model leads to the correct values.
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2. Analysis of data from the literature concerning ELLC

2.3.2. Influence of the weighting factor w

From Eq. 2.2 one can see, that besides REL the parameter w is necessary
for the calculation of ABS. While w was just fitted for some frequencies
a variation of the shape of w is not unreasonable. Eq. 2.2 can also be used

for estimating the weighting factor w, when some assumptions are made
for ABS.

_ PSE - ABS
" REL — ABS
In Eq. 2.7 the problem mentioned in the previous sections is present again.

(2.7)

w

No sensible statements about w are possible, when REL and ABS lie
closely together. This is obviously the case when the measurement is not
extremely biased. On the other hand if the measured PSFE is close to the
calculated ABS the interpretation of w becomes difficult again. One can
see problems with the definition of the formula.

For given data for PSE and RFEL, changes in the ABS-value for different
weighting values w can be estimated from Eq. 2.7. Taking into account
the assumptions made over the existence-range of w (i.e. 0 < w < 1),
weighting-factors can be calculated for several frequencies. The weighting
function should be relatively smooth as shown in Fig. 2.2, having one min-
imum at the reference frequency, with the tendency to higher weighting
values at frequencies far away from the reference frequency. The range of
calculated ABS values should be restricted to the presented test-tone level
range. Depending on the frequency difference between test-and reference-
tone the range effect should be restricted with the largest values for larger
frequency differences. For a certain w, calculated ABS from the different
laboratories should move closer together. Analysis was done for data from
Betke [1991], Fastl [1990] and the reproduced data from Gabriel [1996] for
the 30 phon curve, because the model was proposed for these data.
Results for the four different test-series, w and dependent ABS-values are
shown in Fig. 2.8 to Fig. 2.10 for test-tone frequencies in the range from
100 to 1000 Hz. REL was calculated from Eq. 2.4 as proposed by Gabriel.
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2.3.  Analysis of the model

As one can see from these results it is still not clear in which way the dif-
ferent parameters influencing the ABS-value should be weighted to mini-
mize the variance of the data. For example in Fig. 2.9 (400 Hz), a large
weighting-factor causes a breaking apart of the different test-series. A
similar effect is found for a factor which is too small. In the present case
a value of w=0.5 would be the optimum. In this way an optimization
can be accomplished to the weighting-factors, which corresponds for this
frequency well to the values in Gabriel [1996] (e.g. w= 0.5 for 400 Hz
calculated using Eq. 2.5 ). However, for some frequencies, e.g. 100 Hz
(Fig. 2.8), it is not possible to determine an optimum weighting-factor.
Because of the experimental contexts no better agreement of the contours

could be achieved.

It can be seen from Eq. 2.3 that the calculation of ABS obviously leads
to problems: particularly for large distances between test- and reference
tone (w — 1), the denominator becomes small. Fundamentally, the PSFE
is determined from the subjects’ answers and has an uncertainty which
is reflected by the different answers when repeating the experiment. The
intraindividual measurement error is a measure for the reproducibility of
the same experiment several times for one subject.

When averaging the results across different subjects the interindividual
standard deviation gives a measure how well a group of subjects agree
in their answers. These ’errors’ always enlarge ABS (Eq. 2.3) because
of 0 < w < 1. The weighting-factor w should always be positive. At
large weighting factors (w — 1) these unavoidable 'measurement errors’
increase dramatically. This means for large frequency distances between
test- and reference-tone where the task for subjects is most difficult, the
model enlarges deviation in an unreasonable way.

It is not clear if this simple model could account for all parameters af-
fecting the range, since variance already occur between original data and
reproduced measurements (see Fig. 2.3, left panel). Hence additional fac-

tors to the range-effect might influence the subjects answers.
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2. Analysis of data from the literature concerning ELLC

A difference in Gabriel’s experiments from the original experiments of
Fastl is for example the distribution of the presented test-tones. Whereas
Gabriel presented uniform distributed level, in the original work of Fastl
levels + 1.9 dB apart from a starting level are presented 20 times, +
4.9 dB 10 times and 4+ 7.9 dB only 5 times. However, in an experiment
performed by Gabriel no influence of the distribution of the presented sig-
nals was found. Another possible explanation for deviations between re-
sults from different laboratories was given in the work from Gabriel [1996]
who argued, that additionally, half of the group of listeners even judged
all test-tones presented with frequencies below 400 Hz and levels chosen
as by Fastl et al. to be softer than the reference tone. Therefore, other
factors than the range, e.g. the group of listeners or level range size most
probably have contributed to the low values measured by Fastl et al.. Be-
cause these assumptions are not systematically tested, the reason of this

effect is still unclear.
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2.4. Summary

The simple model used in this study is not able to predict the range ef-
fect described by Gabriel. Applied to data from the literature, the large
variance between different laboratories could only partly be minimized.
For higher levels and for other procedures employed for the determination
of equal loudness level contours (e.g. Watanabe [1990] used an adaptive
procedure) this is not surprising because the model was fitted to the 30
phon curve measured with the method of constant stimuli. Even for these
curves the model was not able to explain all differences. Although for some
frequencies the tendency of the calculated ELLC to move closer together

could be observed the contrary effect also occurred (e.g. 630 Hz). Un-

fortunately, systematic data on the frequency dependent weighting w are
still missing. The calculation procedure of the relative value RE L, which

depends essentially on the experimental design is not yet known. Only

27



2. Analysis of data from the literature concerning ELLC

further experimental data will be able to contribute to the validation of
Eq. 2.2. A substitution of the proposed calculation of REL by using loud-
ness values and a loudness calculation using the N35 percentile could only
avoid unreasonable low data around 630 Hz. For some frequencies (e.g.
630 and 800 Hz) the differences between the data from the model were
larger than deviation between original data. On the other hand variance
can be reduced for frequencies of 315 and 400 Hz. In comparison to the
data calculated with the original model, these values are at higher levels
and lie closer to the measured data.

Discrepancies between the original Betke [1991] and Fastl et al. [1990]
data and the reproduced data from Gabriel [1996] which were obtained
under equivalent measurement setup could not be explained by the model.
Though at some frequencies they are almost as high as the effect caused
by the different test-tone level ranges. One reason might be that different
groups of subjects which where not the same in the original and the re-
produced measurements produce different results and that the amount of
subjects was relatively small.

Summarized, the original model as well as the modified model was not
able to explain difference between data from different laboratories. In the
next chapter a different measurement setup will be employed for the de-
termination of equal-loudness level contours taken into consideration the

results of Gabriel to minimize range effects.
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3. Comparison of the method of
constant stimulus with an
adaptive procedure

When using the method of constant stimuli for the determination of ELLC
the point of subjective equality (PSE) is influenced by the experimental
setup. Especially, the absolute position of the employed test-tone level
range affects the results. Modeling the range effects by a simple adapta-
tion model could only explain the measurement bias to a certain amount
(cf. previous chapter). A better way than modeling measurement errors
is to avoid them by using a modified measurement procedure, which takes
the findings of Gabriel’s [1996] work into account. Since it is impossible to
totally avoid measurement errors the aim is to minimize and to quantify
the influence of the measurement setup on the results.

Based on the results of Gabriel [1996] some assumptions concerning the
measurement setup can be made to minimize range effects. Because the
most critical parameter for measurements of equal-loudness levels contours
using the constant stimulus procedure are the absolute position of the em-
ployed test-tone level range and high test-tone levels (see Eq. 2.4), these
parameters should be avoided. A possible way to reduce the influence of
these critical parameters is to use an adaptive two-alternative forced choice
procedure (2-AFC), with a starting point close to the expected PSE. An
adaptive 2-AFC procedure procedure is in accordance with ISO/ TC43/
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3. Comparison of measurement procedures

WG1/N122 [1988] for the determination of ELLC. Adaptive in this con-
text means that the test-tone starts at a certain level and the level is
increased or decreased in the next presentation depending on the answer
of the subject. The amount of the in- or decrease is reduced after a dis-
tinct number of reversals of the level sequence. After the step-size reached
a minimum size, it is held constant for an additional amount of reversals.
This procedure reduces the number of high levels. In addition, most of the
presented levels are close to the PSE. The PSFE can be obtained out of
a set of trials at the end of the experiment where the test-tone levels are
near the PSE and temporal distance for the presentation of high levels
is large. The adaptive procedure was already used in other studies for
the determination of equal-loudness level contours, (e.g. Watanabe [1990],
Lydolf and Mgller [1997] and Lydolf [1999]).

Since a systematic investigation of the influence of the experimental design
on the results was not done in these works, in this chapter several exper-
iments using an adaptive 2-AFC procedure are presented. In addition, a
comparison between the employed methods is missing in the literature.
Especially, it is of interest if something similar to the range-effect for the
method of constant stimuli exists for an adaptive 2 AF'C' procedure. In
the first experiment (section 3.2.1) it is investigated if the both test proce-
dures, the method of constant stimuli and the adaptive 2-AFC procedure,
lead to systematic different results when the same signals are presented
in the same order. The experiment described in section 3.2.3 investigates
how the measured PSFE is changed when the order of the presented test-
tone is altered. In section 3.2.4 the influence of a small level displacement
of the presented test-tone levels using the method of constant stimuli is
quantified. This experiment is motivated by an experiment described in
the work of Betke [1991] where it was shown that a small (2.5 dB) change
of the presented test-tone level range could already effect the results. Es-
pecially for the lower equal-loudness level contours and in the frequency
range between 250 and 630 Hz the results are shifted up to 2.8 dB. The

shift was originally employed between two level ranges to increase the level
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3.1. Measurement setup

resolution. Therefore two level ranges were presented from which one was
shifted by 2.5 dB. In the experiments from Betke the method of constant
stimuli with a step-size of 5 dB was employed. In the last experiment in
this chapter the influence of free parameters in the adaptive procedure is
systematically varied to quantify the amount of the influence of the exper-

imental design on the resulting PSFE and to compare the procedures.

3.1. Measurement setup

3.1.1. Apparatus

Signals are generated with a Sun Workstation ELC and digital-analog
(D/A -16 bit) converted by a PC with an Ariel DSP 32 C board. Signals
are amplified (Pioneer A.602-R) and presented via headphones (Stax SR
A). The experiments are performed in a sound-attenuating booth. All
devices except the PC-keyboard for the answers of the subjects are placed
outside to avoid background noise. The computer display is placed in front
off a window of the sound-attenuating booth. The experimental setup is
schematically shown in Fig. 3.1. During the measurements the following
text is displayed on the screen (see Appendix A.2 for the original text in

German):

Which of the both signals is louder?

Press key |1 | if the first signal is louder.

Press key if the second signal is louder.

After the subject had given its response via PC-keyboard the next pair of

signals was presented.
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The headphones’ transferfunction is measured using an artificial head
(Head Acoustics HMS I1.2) and is shown in Fig. 3.2. In the range from
200 to 1000 Hz (which is examined in this work) the curve is relatively
smooth. The small deviation from a desired sound pressure level is equal-
ized in the employed software. The headphones are seated twice on the
artificial head to examine the reproducibility and the measurement is done
for both sides individually. In the frequency region from 200 to 1000 Hz
the average difference between the two measurements is < 0.7 dB. The
difference between right and left ear is < 0.9 dB.

3.1.2. Adaptive procedure

The sinusoidal test-tone frequencies are 200, 400, and 630 Hz. Test- and
reference-tone are presented in random order. The reference tone (fre-
quency 1000 Hz) has a level of 30 dB. Test- and reference tone have a
duration of 1 s and are separated by a silent interval of 500 ms between

the signals. Signals are gated with 50 ms Hanning ramps on and off. A
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written instruction is given to the subjects (see Appendix A.3). At the
beginning of this experiment they perform at least 3 training runs with
the employed frequencies. Subject’s task is to decide which of the two pre-
sented tones is louder and to give the response on a keyboard by pressing
1 or 2, if the first or second tone respectively, is louder.

In the adaptive procedure the starting level of the test-signal at the begin-
ning of an experimental run varied within the different experiments. The
initial step-size is 8 dB. After the first reversals in the track, the step-size
is halved. Minimum step-size is 2 dB and after 4 reversals with minimum
step size the measurements stops (Fig. 3.3). As the point of subjective
equality the median over these four last reversals is calculated.

Instead of taking more reversals when measuring at the smallest step-size,
the measurement is repeated four times. There are two reasons for doing
this. First, when determining the point of subjective quality, the subject
guesses at the 50 % point which of the tones is louder and a longer period
of doing this is not motivating. Second, when the track ends in a local

mini- or maximum which might be due to a lack of attention, the influence
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of such a result is reduced.
For the method of constant stimuli the level range is chosen by the inves-

tigator. A detailed description is given in 'Results’ precedes each experi-

ment.
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3.1.3. Listeners

Six subjects, three male and three female, participate in the experiment.
They are all students and experienced in psychoacoustic experiments.
The age of the listeners ranges from 24 to 30. All subjects are tested
with an pure tone Békésy audiometer Briiel & Kjeer 1800. Test-tone
frequencies are 500, 1k, 2k, 3k, 4k, 6k and 8 kHz as recommended in
ISO/TC43/WG1/N122 [1988]. All subjects show a hearing loss less than
10 dB for frequencies below 4 kHz.
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3.2. Results

3.2. Results

3.2.1. Comparison of measurement procedures under

comparable conditions

One of the main differences between an adaptive AF'C' procedure and the
method of constant stimuli is the influence of the investigator and the sub-
ject on the temporal order of presentation and the level range of test-tone
levels in the course of the experiment. Whereas in the method of constant
stimuli the order and the level range is completely set by the investiga-
tor, in the adaptive procedure this influence is strongly reduced. In the
adaptive procedure the investigator must set in advance starting level and
step-size, whereas subjects’ answer determines the levels of the test-tones.
In order to investigate whether this difference affects the PSFE, first an

adaptive AF'C measurement is performed.

3.2.2. Adaptive procedure versus constant stimuli

Individual equal-loudness levels for three frequencies are measured for six
subjects with the adaptive 2 AF'C' procedure. Starting level in the adap-
tive procedure are 55 dB (200 Hz), 45 dB (400 Hz) and 40 dB (630 Hz).
These values are 10 dB higher than the PSE obtained by Betke [1991] for
the 30 phon curve. Before the final measurement at least 3 training ses-
sions are done. The individual data, i.e. order and level of the presented
test-tones for each subject are recorded for the next experiments. In order
to test the influence of the employed measurement procedure, (adaptive
versus constant stimuli), the individual test-tone levels and order obtained
from the adaptive experiment are presented to the subject. In contrast to
the adaptive AFC experiment, this time the method of constant stimuli
is employed. The recorded levels obtained in the adaptive experiment are
presented again, but in this experiment the level of the next presented

test-tone is independent of the subject’s answer. Each subject repeated
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this experiment 4 times. Subjects were not informed about the different

procedures.
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In Fig. 3.4 mean PSFE and standard deviation obtained with the adaptive
procedure (x) and with the method of constant stimuli (O) are plotted.
The curve shows the typical shape of an equal-loudness level contour, going
from high levels at low frequencies to lower level at medium (630 Hz) fre-
quencies reflecting the sensitivity of the human ear. For both procedures,
interindividual errors are by a factor of two larger than intraindividual
errors (not shown).

Reproducibility of the experiments is almost independent of the presented
test-tone frequency. There is a tendency of smaller interindividual errors
of about 1 dB at frequencies closer to the reference.

The differences in the PSE values obtained with the two procedures are
smaller than 0.9 dB, i.e. much smaller than the interindividual differ-

ence. The difference between the methods is not statistically significant
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(Wilcoxon Test, p > 0.05) for any of the frequencies. Thus, no influence
of the measurement procedure can be observed. This finding is consistent
with the impression of the subjects. None of the subject reported any dif-
ferences between the procedures in a short interview after the experiment.
This is probably because subjects performed the method of constant stim-
uli with their individual test-tone levels taken from the adaptive measure-
ment. It is remarkable that differences in PSE between the frequencies
are of the same amount as the ones measured by Betke [1991]. Although
a direct comparison to the data from Betke which were obtained under

free-field conditions is not meaningful .

3.2.3. Influence of the temporal order of test-tone level

in constant stimulus experiments

This experiment is performed in order to test if the temporal order of
the presented test-tones influences the results when using the method of
constant stimuli. Again the individual levels obtained in the adaptive
experiment are used for each subject. An ascending order of the presented
test-tone levels is used, i.e. test-tone levels are sorted starting from low
levels to high levels. In comparison to the adaptive procedure, levels far
apart from the resulting PSE are presented more at the end (cf. Fig. 3.5
(left panel)).

Mean PSE and standard deviation of ordered test-tone level sequence from
experiment 3.2.3 indicated by a (A) and for comparison the results from
the adaptive procedure (experiment 3.2.2 indicated by a (x)) are shown
in Fig. 3.5. In comparison to the adaptive procedure employed in ex-
periment 3.2.2 the resulting PSE are up to 3.2 dB lower. This might
be interpreted as a temporal effect of the presented test-tone levels. The
difference between the procedures is only for the frequency of 400 Hz sta-
tistically significant (Wilcoxon Test, p < 0.05). Another observation is
that the interindividual standard-deviations increase by a factor 1.5 for

the ordered test-tone level sequence in comparison to the adaptive proce-
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Figure 3.5.: Left: Test-tone level from Fxp. 3.2.2 and ordered test-tone
levels starting from low going to high levels for one subject.
Right: Mean PSE and standard deviations for six listeners of
FExp. 3.2.2 and Exp. 3.2.3 for three test-tone frequencies.

dure. The intraindividual standard deviations are in average smaller than
2 dB.

3.2.4. Influence of the position of the level range in

constant stimuli experiments

The underlying idea goes back to experiments performed by Betke. The
method of constant stimuli with a step size of 5 dB is used in these ex-
periments. Two level ranges are shifted by 2.5 dB to increase the level
resolution. Betke observed for the 40 phon contour in the frequency range
between 250 and 630 Hz that small deviations of the presented test-tone
level range (in Betke [1991] 2.5 dB) lead to a displacement of same amount
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in the resulting PSFE. Large deviations however, contribute less.
In contrast to the experiment in the present study, Betke presented the
same equally distributed test-tone levels for all subjects. In the present
study the individual order of test-tones obtained from Exp 3.2.2 is used
for each subject. The measurement procedure is the method of constant
stimuli. To test if this effect also occurs with the individual data obtained
from adaptive procedure (Exp. 3.2.2), these test-tone levels are shifted by
+2 dB and - 2 dB respectively.

The results of Exp. 3.2.4 are plotted in Fig. 3.6. The difference between

60 : : : :
test-tone level +2 dB —x«—
test-tone level -2 dB g
55 1 Figure 3.6.: Mean PSE  and
standard  deviations
0 for six listeners of
- Exp. 3.2.4 for three
o45¢ )
2 test-tone frequencies
o 40 (slightly  shifted in
Waol
& the figure). Presen-
35 ted test-tone level
are shifted +2 dB
30t o (x) respectively by
-2.dB (O).

2300 200 300 400 500 600 700
Frequency [Hz]
the results is around 2 dB and has a tendency to decrease for test-tone
frequencies lying closer to the reference-tone. In contrast to the results
from Betke which are obtained with equally distributed test-tone levels,
the shift of 4 dB of the test-tone levels only shifts the resulting PSE by
about 2 dB. The difference between the shifted ranges is only for the fre-
quencies of 200 and 400 Hz statistically significant (Wilcoxon Test, p <
0.05). The smaller influence in comparison to the data from Betke could

be a consequence of the individual test-tone levels for each subject used
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in the present study. Experiments with larger shifts of the test-tone levels
were not performed, because some subjects already claimed that the test-
tone is always louder than the reference-tone, or vice versa, depending on
the applied level shift.

3.2.5. Influence of the starting level in the adaptive
2-AFC procedure

In this experiment the influence of the starting point on the resulting PSFE
is determined using an adaptive 2-AFC procedure. Besides the initial step-
size this is the main parameter which has to be set by the investigator prior
to the measurement. From the experiments performed by Gabriel it is
known that test-tone level far above the resulting PSE have the strongest
influence on the result (see Eq. 2.4). An increase of the resulting PSFE
can be assumed when increasing the starting point of the test-tone level.
The amount of the effect can not be predicted by the model, described in
section 2.1, since it is obtained with a different procedure, i.e. the method
of constant stimuli. The influence of the starting level in an adaptive
procedure can be compared with the influence of the absolute position
of the employed test-tone level range in the method of constant stimuli.
While the amount of the influence is known for the method of constant
stimuli from experiments from Gabriel, in this chapter it is quantified for
the adaptive procedure.

The starting levels for the test-frequencies 200, 400 and 630 Hz are 20, 40
and 70 dB. All other parameters such as initial step-size of the procedure
are the same as in Exp. 3.2.2. The PSE value is averaged across the 6
subjects who repeated the experiments 4 times.

The results for three different starting levels and three different test-tone
frequencies are shown in Table 3.1 and Fig. 3.7. Different symbols indicate
PSE for the employed test-tone frequencies: 200 Hz (A), 400 Hz (x) and
630 Hz (O). In agreement with the findings for the method of constant

stimuli, PSFE increases with increasing starting level. This is observed for
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all test-tone frequencies.

The largest influence of the starting level is about 5 dB at 630 Hz, the
smallest effect is at 200 Hz with 2.6 dB. The differences between the start-
ing level of 20 and 40 dB are larger than the differences between 40 and
70 dB. The influence of the starting level is statistical significant for of
400 and 630 Hz (Friedman Test, p < 0.05). For the test-tone frequencies
of 400 and 630 Hz, differences from 20 to 40 dB are statistical significant
(Wilcoxon Test, p < 0.05), whereas a change from 40 to 70 dB is not sig-
nificant (Wilcoxon Test, p < 0.05).

It is remarkable that the interindividual errors are larger than intrain-
dividual errors (not shown) by a factor of about two. This means that
every individual subject can repeat the measurements with a very good
reproducibility, but the PSE of the six subjects is different. Inter- and
intraindividual errors are almost independent of the distance from the ref-
erence. A slight increase of the intraindividual error of about 1 dB is
observed for frequencies far away from the reference.

In comparison to the method of constant stimuli, results obtained with the
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f [Hz] || 20 - 40 dB | 40 - 70 dB
200 0.8 1.8
400 43 0.5
630 45 0.5

Table 3.1.: Difference between starting level 20 and 40 dB and 40 and
70 dB for 3 test-tone frequencies. Initial step-size 8 dB. Level
of the reference is 30 dB.

adaptive procedure are less influenced by the experimental setup, as long
as an appropriate starting level is chosen. In the adaptive procedure a
shift of 50 dB of the starting level shifts the resulting PSE by about 5 dB,
whereas a shift of 30 dB of the presented level range shifts the results by
13 dB when using the method of constant stimuli (Gabriel [1996]).

A further advantage of the adaptive procedure is that levels far apart from
the resulting PSFE are always presented first, which means that they are
presented long before the adaptive procedure converges to the point of

subjective equality.

3.3. Discussion

Equal-loudness level contours obtained with the method of constant stim-
uli are influenced by the choice of the presented test-tone level range (see
Gabriel [1996]). In the previous chapter was shown that the model could
only explain some differences between data from the literature. In this
chapter a measurement procedure is employed which takes the results from
Gabriel obtained with the method of constant stimuli into account. The
aim is to propose a measurement procedure which avoids the influence of
the measurement setup on the result. While this is probably not possibly

in a perfect way, the influence of the procedure should be minimized and
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quantified. From the results of Gabriel it is known that the results are
most influenced by the position of the employed test-tone level range and
the main shift in the results is caused by high test-tone level (see Eq. 2.2
and Eq. 2.4).

The choice of the employed measurement procedure is restricted to a two
Alternative Forced Choice (2-AFC) procedure, recommended by ISO/
TC43/ WG1/N122 [1988] an adaptive 2-AFC procedure is employed to
reduce the influence of the procedure on the resulting PSFE.

In section 3.2.2 the influence of the employed procedure is tested. The
employed procedure, adaptive vs. constant stimuli, has only a small effect
on the resulting PSE when using individually obtained test-tone levels.
The PSFE measured with the method of constant stimuli depends not only
on the absolute position and the presented max and min test-tone levels
but also on the order of the presented test-tone levels (Exp. 3.2.3). When
presenting test-tone levels, in a constant stimuli experiment, in the way
that high level are presented at the end, the resulting PSE is up to 3.2 dB
lower, although test-tones are individually obtained with an adaptive pro-
cedure.

Results from Betke [1991] show that a small shift in the presented test-tone
level range by 2.5 dB in the method of constant stimuli shifts the result-
ing PSE by the same amount. As observed by Betke a small shift of the
presented test-tone level, leads to a displacement of the PSE (Exp. 3.2.4).
However, the effect is smaller than in the data from Betke. The results of
Exp. 3.2.4 show only a shift of 2 dB of the PSFE values, for a shift of 4 dB
of the presented level. In comparison to Betke, individual data obtained
from an adaptive measurement are presented.

In Exp. 3.2.5 the influence of the employed starting level is measured
for the adaptive procedure. For the adaptive procedure it is shown that
depending on the presented starting level the PSE values are shifted up-
wards, with increasing starting level. The largest influence of the starting
level is 5 dB for a level difference of 50 dB at 630 Hz. The starting

level corresponds to the shift of the level range in the method of constant
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stimuli.In the experiments of Gabriel [1996] using the method of constant
stimuli a shift of 30 dB of the presented level range leads to a shift of
13 dB for frequencies far away from the reference. This indicates that
the results obtained with an adaptive procedure are less influenced by the
experimental setup. In contrast to the results which are obtained using
the method of constant stimuli (from Gabriel [1996]) the effect is almost
independent of the frequency with the slight tendency of getting smaller
for frequencies far away from the reference. In the results from Gabriel the
bias is of the same amount from 125 to around 630 Hz and than decreases,
with a minimum around the reference frequency.

Another reason for the almost frequency independent influence of the start-
ing level might be the following aspect. The PSFE for 200 Hz is around
15 dB higher than the one for 630 Hz, this means even for a starting level
of 70 dB after 3 steps down with a step-size of 8 dB the level gives a less
loud impression whereas for 630 Hz 5 steps of 8 dB are needed. The in-
dication of the difference between the starting level and the level of the
reference in [dB| might be not adequate. A better description might be
based on loudness level or on in comparison to the measured PSE.
Using an adaptive procedure the starting point should be selected care-
fully because it still influences the resulting PSFE.

One problem when determine the influence of the starting level on the
resulting PSFE in this experiment for the 30 phon contours is that the
presented test-tone level are close to the threshold of hearing. Therefore
in the next chapter a level of 50 dB is used for the reference. Another ad-
vantage is that the level of the reference is in the middle and the dynamic
range for the test-tone level and can be placed more symmetrically around

the reference level.
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3.4. Conclusion

Measuring ELLC with the method of constant stimuli and an adaptive
2-AFC procedure lead to the same result when using individually obtained
test-tone levels presented in the same order. However, the results using the
method of constant stimuli are still influenced by the order of the test-tone
level and by a small displacement of the level range even when the individ-
ually obtained test-tone levels are employed. Using an adaptive procedure
the influence of the starting level is much smaller than the influence of the
level range in the method of constant stimuli. However, the results in this
chapter are only obtained at a relatively low level, therefore the variation
of the starting level is limited. In the next chapter this limitation will be

avoided by using a higher reference level.
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4. Influence of the measurement
setup on the result for the
adaptive procedure

4.1. Introduction

In the previous chapter equal-loudness level contours obtained with an
adaptive 2 alternative forced choice procedure (2-AFC) are compared with
the method of constant stimuli. It is shown that the largest influence of
the starting level is 5 dB for a level difference of 50 dB at 630 Hz. In
the experiments of Gabriel [1996] using the method of constant stimuli a
shift of 30 dB of the presented level range leads to a shift of 13 dB for
frequencies far away from the reference.

Thus, the adaptive procedure leads to results which seem to be less bi-
ased by the presented test-tone level. In the adaptive procedure several
parameters must be chosen by the investigator. However, in the previ-
ous chapter the influence of only one methodical parameter (the starting
level) is investigated in a restricted range. The starting level is probably
the most important parameter. Apart from that parameter also the initial
step-size might affect the results. In this chapter the influence of these
two parameters on the results is quantified in order to propose a preferred
choice of the parameters.

In the previous chapter one frequency region of the 30 phon contour is
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measured. A restriction of measuring the 30 phone contour is that the
presented test-tone levels can get close to the subject’s threshold of hear-
ing after a few answers. Therefore in this chapter a level of 50 dB is used
for the 1 kHz-reference. In addition, since the level of the reference is more
in the middle of the dynamic range of the ear, the test-tone level can be
placed more symmetrically around the reference level.

While differences between data from different laboratories are observed for
low as well as for the higher equal-loudness level contours, it is no restric-
tion to measure the influence of the experimental setup for the 50 phon
contour. Hence, a comparison with the results of the 30 phon contour mea-
sured in the last chapter and with data from the literature can be done.
Fig. 2.6 shows also large differences between data from the literature of
other loudness contours, e.g. differences of the 50 phon contours are as
large as of the 30 phon contour.

The influence of different starting levels is quantified for different initial
step-sizes and a suggestion is made for a less biased measurement setup.
The difference between intra- and interindividual differences is examined
more closely. An attempt is made to explain these differences. In addition
it is investigated if more central or peripheral processes in the auditory

system are involved in the bias effects.

4.2. Methods

The same apparatus as described in Section 3.1.1 is used for the experi-
ments. The PSFE is measured with an adaptive 2-AFC procedure. Signals
are presented diotically via headphones if not stated otherwise. As the
reference a 1000 Hz tone is used. The test-frequencies are 200, 400, 630
and 1000 Hz, i.e. the highest test-frequency is equal to the reference fre-
quency. The level of the reference is 50 dB SPL. Different initial step-sizes
are used in the experiment ranging from 4 to 16 dB. As the starting level
30, 50 and 70 dB are chosen if not stated otherwise. Duration of both
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signals is 1 s with a silence interval of 500 ms between signals. Signals are
gated with 50 ms Hanning ramps on and off. Test- and reference-signal
are presented in random order. The same 6 subjects who performed the
experiments in the previous chapter also participated in the experiments
in this chapter. All subjects repeated each experiment four times. The

different starting levels are presented in random order.

4.3. Influence of the starting level

In this experiment the influence of different starting levels is measured for
the adaptive procedure. The results using an initial step-size of 8 dB are
shown in Fig. 4.1 (and Table A.2 in the Appendix). Mean PSE and stan-
dard deviation for the 4 test-tone frequencies are indicated by different
symbols: 200 Hz (A), 400 Hz (O), 630 Hz (x) and 1000 Hz (O), respec-
tively. Mean PSFE is shown as a function of the starting level.

An increasing PSE with increasing starting level is observed for all fre-
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quencies except for 1000 Hz. The influence of the starting level is largest
(4.2 dB) for the 630 Hz test-tone and statistical significant for the fre-
quencies of 200, 400 and 630 Hz (Friedman Test, p < 0.05). For 200 and
400 Hz a change of starting level from 30 to 50 dB and from 50 to 70 dB is
statistical significant (Wilcoxon Test, p < 0.05), whereas for 630 Hz only
the change from 50 to 70 dB is significant (Wilcoxon Test, p < 0.05).

In contrast to the range effect reported by Gabriel [1996] from measure-
ments with the method of constant stimuli an increasing effect with in-
creasing spectral distance between test- and reference- signal is not ob-
served. However, in the present study test-tone frequencies less or equal
630 Hz are employed whereas in the study of Gabriel the largest influence
is observed for frequency distances from the 1 kHz reference smaller than
200 Hz, (see Fig. 2.2).

The interindividual standard deviation is 3.6 dB at 200 Hz and shows a
decreasing tendency towards higher frequencies. For a test-tone frequency
equal to the reference frequency a deviation of 0.9 dB is observed. Intrain-
dividual standard deviation are almost independent of the frequency and

are around 1.8 dB (not shown).

4.4. Influence of the initial step-size

In this experiment the influence of the initial step-size in the adaptive
procedure is estimated. Besides the starting level this parameter has to
be set by the investigator before the measurement. For a starting level
far above or below the resulting PSFE it takes a long time for the track
to reach the PSE when a small step-size is used. When a large initial
step-size is used the subject can reach after a few steps a level which is
too loud or below threshold of hearing. The combined influence of initial

step-size and starting level parameter on the result is investigated.
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4.4.1. |Initial step-size 16 dB

In this experiment the initial step-size is set to 16 dB and the influence of
the starting level on the resulting equal loudness contours is systematically
tested. Starting levels of 30, 50 and 70 dB SPL are used for all test-tone
frequencies. In addition for the frequency of 200 Hz a starting level of
90 dB is presented.
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In Fig. 4.2 mean PSFE values and standard deviations for the 4 test-tone
frequencies are shown (for details see Table A.3 in the Appendix). The
same symbols as in the previous figure are used for the different frequen-
cies. The largest influence of the starting level in the range from 30 to
70 dB occurs for the test-tone frequency of 200 Hz. The effect amounts
2 dB. Thus, for the initial step-size of 16 dB, the effect is much smaller
than for the initial step-size of 8 dB (see Table A.2 in the Appendix). For
the other frequencies the influence of the starting level on the resulting
PSFE is smaller than 1.7 dB.

When the starting level is set to 90 dB for the 200 Hz test-tone, the result-
ing PSFE increases by 4.6 dB in comparison to the starting level of 70 dB,
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4. Influence of the measurement setup adaptive procedure

even for the large initial step-size of 16 dB (see Fig. 4.2 and Table A.3 in
the Appendix).

The influence of the starting level is only for the test frequency of 200 Hz
significant when regarding the starting-level of 90 dB (Friedman Test, p
< 0.05). For 200 Hz the change of the starting level from 30 to 50 dB
and from 70 to 90 dB is statistical significant (Wilcoxon Test, p < 0.05),
whereas the change from 50 to 70 dB is not significant (Wilcoxon Test, p
< 0.05).

The interindividual standard deviations are 4.8 dB at 200 Hz and decrease
towards higher frequencies, i.e. 3.4 dB at 400 Hz, 2.2 dB at 630 Hz and
0.6 dB at 1 kHz. Intraindividual standard deviation (not shown) are about
1.8 dB and almost independent of the frequency. The minimum intraindi-
vidual standard deviation is obtained at 1 kHz (1.3 dB) and the maximum
at 630 Hz (2.2 dB).

One disadvantage of the large initial step-size is that it is only possible
to use it for equal- loudness level contours which lie in the middle of the
dynamic range. For the higher contours the test-tone can reach a level
which is to loud, whereas at the lower contours the test-tone can already
get below the threshold of hearing after one step.

4.4.2. Initial step-size 4 dB

Since the experiment with the initial step-size of 16 dB is performed after
the experiment with the initial step-size of 8 dB, the reduced effect of the
starting level could be a consequence of training. In order to test this
hypothesis, this experiment is performed with an initial step-size of 4 dB,
which is smaller than used in Exp.4.3. All other parameters are the same
as in the previous experiment. If the effect of the starting level is larger
than in Exp. 4.3 the hypothesis that training can reduce the influence of
the starting level effect can be rejected.

The influence of the starting level using the adaptive procedure with an
initial step-site of 4 dB is shown in Fig. 4.3 (and Table A.4 in the Ap-
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pendix). The difference between the resulting PSE for starting level of
30 and 70 dB amounts up to 6.6 dB for the test-tone with 630 Hz. The
influence of the starting level is statistical significant for the frequencies
of 200, 400 and 630 Hz (Friedman Test, p < 0.05). Except for the change
in starting level from 30 to 50 dB for the 400 Hz signal, all other changes
of starting level are statistical significant (Wilcoxon Test, p < 0.05). The
interindividual standard deviations are 4.9 dB at 200 Hz with a decrease
towards higher frequencies, i.e. 4.6 dB at 400 Hz, 2.9 dB at 630 Hz and
0.7 dB at 1 kHz. Intraindividual standard deviations are almost indepen-
dent of the frequency and are around 1.8 dB, with a minimum of 1.4 dB

at 1 kHz and a maximum of 1.9 dB at 630 Hz.

4.5. Peripheral versus central processing

In the previous experiments, signals are presented diotically to the subject,

i.e. the same signal is presented on the left and the right ear. This pre-
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sentation is more similar, compared to monaural presentation, to the free
field condition which is required in ISO/TC43/WG1/N122 [1988]. It is not
clear on which stage of the auditory pathway the interaction of methodi-
cal parameters, especially the starting level, with the loudness judgements
takes place. In this experiment it is investigated if the influence of the
starting level can be attributed to a central or peripheral process.

In the literature (e.g. Lehnhardt [1996]) for example the acoustical reflex
is more a central process. When presenting a loud sound to one ear, a
change of the compliance of the tympani membrane which is due to a con-
traction of the muscle in the middle ear, can be measured in the ear where
the noise is presented as well as in the other ear which is in silence. An ex-
ample for a peripheral process are otoacoustic emission (e.g. Mauermann
et al.[2000]).

Marks [1996] found in magnitude scaling experiments as well as in direct
comparison that perception of loudness was contingent on the distribu-
tion of tonal stimuli varying in sound frequency as well as SPL: When a
low-frequency signal is presented at low level and a high-frequency signal
at a high level, loudness of the low frequency signal is found to be large
relative to that for the high frequency signal. When the association of
level with frequency is reversed also the loudness relation is reversed. This
phenomena is called recalibration. In order to decide if this is a peripheral
or central process Marks performed several binaural experiments to inves-
tigate the influence of one ear information on the processing on the other
ear. Following this idea in this section an experiment is performed in order

to investigate if the bias effect is more a central or peripheral process.

4.5.1. Method

As in the previous experiments an adaptive 2-AFC procedure is used to
test if the effect of starting level is due to a peripheral or a central process.
In contrast to the diotic condition the test-tone is first presented on the

left ear. When the step size is reduced to 2 dB after 4 turning points the
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test-tone is presented on the right ear. The reference in this condition is
always on the right ear. A simple adaptive procedure is used because a
large influence of the starting level is desired in this paradigm (see Fig. 4.1

and Table A.2 in the Appendix). An example of a run is shown in Fig. 4.4.

4.5.2. Results

The influence of the starting level is similar as in the diotic experiment
(Table 4.1 vs. Table A.2 in the Appendix ). For all frequencies the differ-
ence between two starting level is < 1 dB. The largest difference occurs at
the frequency of 200 Hz where the effect in this experiment is 3.8 dB. In
the diotically experiment (see Table A.2 in the Appendix) the results are
shifted by 2.8 dB.
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f [Hz] || 30 - 50 dB | 50 - 70 dB
200 0.8 3.8
400 0.7 1.9
630 1.5 1.8
1000 0.2 0.9

Table 4.1.: Differences between PSE values using starting levels, i.e. 30 vs
50 dB and 50 vs 70 dB for 4 test-tone frequencies. In this con-
dition the reference-tone is presented on the right ear. Initial
step-size 8 dB.

f [Hz] || 30 - 50 dB | 50 - 70 dB
200 0.4 3.4
400 1.1 1.8
630 1.2 2.1
1000 0.7 0.8

Table 4.2.: Same as in Table 4.1, but in this condition the reference-tone

is presented on the left ear.

In a control condition the experiment for measuring the influence of the
starting level is performed for the other ear, too (Table 4.2). The reference-
tone in this condition is always on the left ear. The test-tone starts on
the right ear, when the step size is reduced to two dB after 4 reversals
the test-tone is presented on the left ear, too. In average data over six

subjects differ < 1 dB from the results obtained in the last experiment.

Comparing the results from these experiments with the one obtained in
the diotic condition one can see that the influence of the starting level on
the resulting PSFE is of the same amount. Thus, as a first assumption
one could conclude that the effect of adapting to a starting level is not
restricted to a peripheral process in the ear. Instead results indicate that

it is more a centrally organized process.
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4.6. Discussion

In this chapter is it shown that the influence of the starting level in an
adaptive procedure is a process which is more centrally organized. The
influence of the starting level on the resulting PSFE is measured for fre-
quencies ranging from 200 to 1000 Hz. In comparison to the method of
constant stimuli the results are less influenced by the experimental setup
(e.g. presented test-tone level). When changing the starting level by 40 dB
the PSE is shifted to a higher level of about 4.2 dB (Initial step-size 8 dB,
see Exp. 4.3, Table A.2 in the Appendix).

A further reduction of the influence of the starting level can be achieved by
employing larger initial step-size for the adaptive procedure. The influence
is around 2 dB with an initial step-size of 16 dB for a change of 40 dB of
the starting level (Exp. 4.4.1). But when starting at a level of 90 dB the
resulting PSE is shifted by 4.6 dB, in comparison to the result obtained
for an starting level of 70 dB. Thus, in the adaptive procedure a change of
60 dB of the starting level (from 30 to 90 dB) changes the resulting PSFE
by 6.6 dB (Table A.3). However, for a small initial step-size of 4 dB in the
adaptive procedure results are strongly influenced by the starting level.
In comparison to the experiments with the larger initial step-size, the in-
fluence of the starting level is enlarged when employing an initial step-size
of 4 dB. This experiment is performed after the experiments with initial
step-size of 8 and 16 dB to test the hypothesis that the reduction of the
influence of the starting level in Exp. 4.4.1 compared to Exp. 4.3 is due to
training effects. Because the smallest initial step-size lead to results which
are at most influenced by the choice of the starting level, the hypothesis
that training is the reason for a reduction of the influence of the starting
level can be rejected.

Simulations to test the influence of the initial step-size for the estimation of
the threshold of hearing were done by Green et al. [1989]. Initial step-size
was varied from 1 to 8 dB. The largest bias of around 6 dB was obtained
with the smallest initial step-size. Larger initial step-size of 8 dB reduced

the bias to 1 dB. The finding that due to a larger step-size the influence
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of the experimental setup can be reduced is in agreement with the data in
this work.

The results obtained using an adaptive procedure are less influenced by
the starting level compared to the results measured with the method of
constant stimuli. Although a further decrease of the influence of the em-
ployed starting level can be achieved when using a large initial step size,
a shift in starting level of 60 dB can yield a PSE that differs by about
6.6 dB.

One disadvantage of the large initial step-size is that it is only practica-
ble for the determination of equal-loudness level contours which lie in the
middle of the dynamic range. For the higher contours the test-tone can
reach a level which is to loud, whereas at the lower contours the test-tone
can get already under the threshold of hearing after a few steps.
Therefore, a more complex method should be used which might lead to

less biased results such as an adaptive procedure with interleaved tracks.
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5.1. Introduction

As shown in the previous chapter, the choice of the starting level has an
influence on the point of subjective equality (PSFE) when a simple adap-
tive procedure (with one track) is used. The effect can be reduced by
choosing a large initial step size. Nevertheless, also with the largest inves-
tigated step-size of 16 dB the difference between the PSFEs obtained with
two starting levels that are 60 dB apart from each other still amounts to
6.6 dB. Since this difference is larger than the interindividual variation, it
is desirable to reduce further the influence of methodical factors.

A promising variation of an adaptive procedure was proposed by Jestaedt
[1980]. He argued that response bias could be avoided if instead of one
track (as in the simple adaptive procedure) two tracks with different start-
ing levels should be interleaved in each experimental run. He recommended
this procedure especially for measurements of subjective impression such
as lateralization or loudness. In recent studies concerning loudness, pro-
cedures were frequently used that were based on Jesteadt ideas (e.g. Flo-
rentine et al. [1996] and Verhey [1999)]).

Although not all experimental details are comparable in those studies, the
authors were convinced about the improved reliability of data obtained
with interleaved adaptive tracks. However, most of the studies investi-
gated loudness as a function of other parameters than frequency such as

duration or bandwidth. In addition only a few remarks were made by the
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authors about the influence of methodical factor on the results.

In the present study the effect of varying methodical parameters on the
measured PSFE for tonal signals is investigated for adaptive procedures
with interleaved tracks. In the first experiment, two tracks with the same
frequency are interleaved. This procedure is close to the procedure pro-
posed by Jesteadt. In the second experiment, four tracks with different
test-signals for each track are interleaved. This procedure is comparable
to the procedure used by Verhey [1999] to measure spectral loudness sum-
mation. In both experiments the effect of the starting level is quantified
by choosing two different starting level ranges. In the third experiment

mechanism underlying the methodical effects are investigated.

5.2. Interleaved procedure with two tracks

5.2.1. Methods

The same subjects as in the previous experiments participate in the exper-
iments. The test-tone frequencies are 200, 400 and 630 Hz. The frequency
of the reference is always 1000 Hz at a level of 50 dB. The test-tone and
the reference-tone are presented in random order. The duration for both
signals is 1 s with a silence interval of 500 ms between the signals. Test-
and reference-signal are presented via headphones Stax SR A, (for fur-
ther details see section 3.1.1). Each subject repeated the experiment four
times.

The employed method is an adaptive 2-AFC procedure. The initial step-
size is 8 dB. After each reversal point, the step-size is halved and the
minimum step-size is 2 dB. In contrast to the previous experiments two
interleaved tracks are presented (see Fig. 5.1). In Exp. 5.1 one low and one
high level condition is employed. In the low level condition the starting
levels are 30 and 70 dB. In the high level condition starting levels of 50
and 70 dB are used. Thus, the difference between starting levels remains

constant, whereas the absolute position of the level is shifted by 20 dB.
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Results

For each frequency, the PSFE values obtained with two tracks with differ-
ent starting levels differ less than 1 dB (not shown). This finding holds
for both conditions. The tracks converge almost independently of the em-
ployed starting level to the same point. Therefore only averaged results
over the two starting levels of the interleaved tracks are shown in Table 5.1.
A shift of the starting level has still a small effect on the measured PSE
for 400 and 630 Hz. The difference between these two conditions is smaller
than 1 dB.

However, for a test-tone frequency of 200 Hz values with the higher start-
ing levels are shifted up to 3.3 dB compared to results with low starting
levels. Note that this effect occurs only for the largest spectral distances
between test- and reference-tone and only for this frequency the effect is
significant (Wilcoxon Test, p < 0.05).

f [Hz] 200 | 400 | 630
Interleaved low (30, 70) || 63.5 | 60.1 | 55.4
Interleaved high (50, 90) || 66.8 | 60.8 | 55.9

Table 5.1.: Mean PSE for the the low and high level condition. Data are
for 3 frequencies averaged across 6 subjects. Standard deviation

between the tracks is around 1 dB.

The results obtained with the adaptive procedure with two interleaved
tracks can still be influenced by the employed starting levels. Subjects
might have the tendency to compare not only the reference with the test-
tone, but to adjust test-tones of the two track procedure to give the same
loudness sensation.

A more complex procedure is needed, to avoid comparisons between the
two tracks. This might although help to reduce the influence of the start-
ing level to an amount which is indistinguishable from the exactness of
the measurement procedure, determined by the minimum step-size and of

individual reproducibility.
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Figure 5.1.: Left panel: Example for the presentation of one test frequency
in the adaptive interleaved procedure with 2 tracks. Abscissa:
No. of presentation. Ordinate: starting level of the adaptive
procedure. Initial step-size is 8 dB. Symbols indicate two dif-
ferent starting levels in this case 30 dB (e) and 70 dB (O)
for the test-tone. The test-tone frequency is the same for both
tracks. Right panel: Same as in left panel, but for starting
levels of 50 (e) and 90 dB (D).

5.3. Interleaved procedure with four tracks

The data obtained with two interleaved tracks indicate that the results
are still influenced by the starting level. In this section, a more complex
interleaved procedure is tested. As in the previous experiment the point
of subjective equality (PSFE) is measured for test-tone frequencies of 200,
400, 630 and 1000 Hz. The reference frequency is 1000 Hz at a level of 50
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5.3. Interleaved procedure with four tracks

dB SPL. In contrast to the previous experiment, for each track a different
test frequency is used. This is done to focus subjects attention to each
trial and not to follow the course of the test-tone levels in each adaptive
track. As in the previous experiment two conditions are investigated. In
a high level condition starting level of the tracks are 50, 70 and 90 dB,
whereas in the low level condition starting levels of 30, 50 and 70 dB are
used. Although it is shown in the previous chapter that a large step-size
reduces the effect of the starting level, the disadvantages (e.g. reaching
level which are too loud or below threshold after a few steps) dominate

and a medium step-size of 8 dB is used.

5.3.1. Method

Subjects and measurement setup is the same as in the last experiments,

with the following exception.

200Hz & :

400 HZz e . . .

630 Hz % : Figure 5.2.: FExample for the first
1000 Hz & - j

four  presentations
of the test-signals in
the adaptive inter-
leaved procedure for
the condition with
low level. Ordinate

starting level of the

Test-tone level [dB SPL]

adaptive  procedure.
Symbols indicate
four different test-

tone frequencies.

No. of presentation

In contrast to the previous experiments four interleaved tracks with dif-

ferent starting-levels are presented (see Fig. 5.2). Since the time for one
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measurement increases due to the amount of tracks the paradigm is lim-
ited to four tracks.

In the low level condition the starting levels are 30, 50 and 70 dB and in
the high level condition 50, 70 and 90 dB, thus, the difference between
starting levels and the level range remains constant whereas the absolute

position of the range is shifted.

5.3.2. Results

In Fig. 5.3 results for both conditions are shown. In the left figure starting
levels are 30, 50 and 70 dB (condition with low levels) and in the right
figure starting levels are 50, 70 and 90 dB (condition with high levels).
The influence of the initial starting level for both experiments is smaller
than 2.3 dB. The largest influence of the starting level can be seen in the
high level condition. A change of starting level from 50 to 70 dB at a
test-tone frequency of 200 Hz shifts the result around 2.3 dB. The effect is
almost independent of the test-tone frequency except for the 1 kHz test-
tone, where the effect is < 0.5 dB.

Although the influence is not significant across the conditions, a change in
starting level from 50 to 70 and from 70 to 90 dB is statistical significant
for 200 Hz, and a change 70 to 90 dB is significant for 400 Hz (Wilcoxon
Test, p< 0.05). Comparing the results for the low and the high level con-
ditions for the same starting level the largest difference is at 200 Hz for
a starting level of 70 dB, whereas the PSE in the high level condition
is 1.8 dB higher. The same difference between the two conditions is at
400 Hz and a starting level of 50 dB, again the PSE measured in the high
level condition is 1.8 dB higher. Only the effect for 400 Hz is statistical
significant (Wilcoxon Test, p< 0.05).

All other differences are smaller than 1 dB and not systematically higher
for the high level condition. Results for all frequencies and both level
ranges are shown in Fig. 5.3 and Table 5.2 and Table 5.3.

Comparing the mean data from both experiments in the low and in the

high level condition, a 40 dB shift of the starting levels has only a small
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Figure 5.3.:  Left panel: Mean points of subjective equality (PSE) and
standard deviation for 4 test-tone frequencies averaged across
6 subjects. Ordinate: PSE. Abscissa: starting level of
the adaptive procedure (30, 50 and 70 dB). Symbols indicate
four different test-frequencies 200 (A), 400 (o), 630 (x) and
1000 Hz (3). Right panel: Same as in left panel, but starting
levels are 50, 70 and 90 dB.

influence on the results (< 2 dB).

In comparison to data obtained with the simple adaptive procedures (see
Fig. 4.1 to Fig. 4.3), interindividual standard deviations are enlarged. In
comparison to the standard deviation obtained with the simple adaptive
procedure the standard deviation with interleaved tracks is by 2.6 dB
(200 Hz), 3 dB (400 Hz) and 2.1 dB (630 Hz) larger. At 1 kHz the stan-
dard deviation is constant < 1.1 dB for the procedures.

Intraindividual standard deviation is almost independent of the employed
procedure and always < 2.2 dB and in most cases standard deviation is

~ 1.5 dB, whereas no clear dependency can be seen from the employed
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procedure and from the the test-tone frequency.

f [Hz] || 30 - 50 dB | 50 - 70 dB
200 0.58 0.75
400 0.63 1.21
630 1.92 -0.04
1000 0.21 -0.42

Table 5.2.: Difference in resulting PSE between starting level 30 and 50 dB
and starting level 50 and 70 dB.

f [Hz] || 50 - 70 dB | 70 - 90 dB
200 2.29 -1.38
400 -0.58 1.79
630 0.90 -0.40
1000 0.29 -0.25

Table 5.3.: Difference in resulting PSE between starting level 50 and 70 dB
and starting level 70 and 90 dB.

5.4. Summary and Discussion

The effect of the employed starting level is obviously reduced in the exper-
iment using four interleaved tracks in comparison to data obtained using
the method of constant stimuli or the simple adaptive procedures with
only two tracks.

The data measured with an interleaved adaptive 2-AFC procedure are
nearly not influenced by the experimental setup. Respectively, the influ-
ence of the starting level is of same amount as the individual reproducibil-

ity indicated by the interindividual standard deviation.
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5.4.  Summary and Discussion

Besides the effect that it is not possible for the subjects to follow the course
of the tracks in the interleaved procedure with 4 tracks (and therefore the
influence of the starting level is reduced) a disadvantage can be observed:
the standard deviation is enlarged in comparison to the results obtained
with the simple adaptive procedures.

Although the results are not strongly influenced by the starting level a
good choice of the starting level, which has to be done in advance by the
investigator, can reduce the influence of the starting level. Good choice
can be interpreted as not too far away from an expected value. As shown
in the last experiments there is a range where the starting point has nearly
no influence on the result as long as it is in a sensible range. Instead of
choosing a starting level and indicating the difference between the starting
level an the reference in dB, it is more adequate to look for the difference
to the corresponding PSFE or a loudness value. Since 70 dB SPL starting
level at 200 Hz leads to a different loudness impression as a 70 dB SPL
starting level at 630 Hz. While in the first case 70 dB leads to an almost
equal-loud impression in comparison to a 50 dB reference-tone, in the sec-

ond case it is much louder.
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5.5. Individual differences and threshold of

hearing

Measured PSFE values and data from the literature show considerable dif-
ferences especially at low levels and for test-tone frequencies far away from
the reference frequency (see Fig. 5.4). The effect that intraindividual vari-
ance is larger than interindividual variance is reported by several authors
e.g. Gabriel [1996], Betke [1991] and Suzuki et al. [1989].

Taking a closer look to individual data one can see different groups of
subjects, which repeat measurements with high reproducibility but dif-
fer in their results from other subjects. A characteristic common shape
of all FLLC' is found for each single subject. For example, if the PSFE
is low at 30 phon for one subjects for a certain frequency it is also low
for the 50 phon contour at this frequency. Data from Betke [1991] show
interindividual standard deviation about 5.3 dB (13, subjects 50 Hz, 40
phon). Gabriel [1996] found deviations about 6.8 dB (6, subjects 500 Hz,
30 phon) for ELLC's.

These standard deviations are of the same amount as those for the thresh-
old of hearing as found by Betke. Similar standard deviations were also
observed by Watanabe & Mgller [1990]. For ELLC 7.1 dB are obtained
(12 subjects, 63 Hz, 20 phon) and 6.5 dB for the threshold of hearing (12
subjects, 63 Hz). Although these large differences are described in many
papers only in few papers an explanation is proposed to account for these
interindividual differences.

In the investigation of Gabriel [1996] ELLC's for different listeners are
compared with individual head related transfer functions (HRTF'). The
idea was that equal-loudness level contours at low levels are of similar
shape as the threshold of hearing. Gabriel showed that individual thresh-
old can be, at least partly, attributed to the individual H RT'F'. In Gar-
biel’s work this is shown for 3 subjects for frequencies below 1 kHz. In a
work of Takeshima et al. [1994] a significant correlation between H RT'F
and the threshold of hearing is found for frequencies between 1 and 8 kHz,
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Figure 5.4.: Left panel: Interindividual standard deviation, data from
Betke [1991] for 30 (A), 40 (x) 50 (%) and 60 (3O) phon. Right
panel: Interindividual standard deviation data from Suzuki

[1989] standard deviation for 20(+), 40(x) and 70(c) phon.

whereas below 1 kHz the results are not significant. At least parts of indi-
vidual differences can be attributed to the individual H RT'F's. This fine
structure will probably have influence also in FLLC's.

From Fig. 5.5 one can see that the shape of the threshold is almost similar
to the shape of the lower ELLC. Subtracting the threshold of hearing
from EFLLC's should lead on average, at least for the lower ELLC to a
straight line. The results are shown in Fig. 5.6. Since the resulting curves
for the data of ISO 226 are almost a straight line, in the data from Betke
[1991] deviations are observable. The reason for these small minima and
maxima can not be explained. An investigation for individual is not pos-
sible since these data are not available.

From the literature (e.g. Cohen [1982], Schloth [1983], Long [1984] and
Long et al. [1988]) it is known that threshold of hearing is not just a
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smooth change of level vs. frequency but has a fine structure. Threshold

shows a consistent pattern of minima and maxima. These pattern are

characteristic for each subject and shape of the fine structure is remark-

ably constant over a long time (Long [1984]).

The findings in this work and earlier published paper are used to explain

intraindividual differences by taking into account the individual threshold

of hearing for every subject at the distinct test-tone frequencies (Reck-
hardt et al. [1998], Reckhardt et al. [1999]).
In order to test this hypothesis threshold of hearing is determined for the

4 test-tone frequencies.
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Figure 5.5.: Left: Threshold of hearing and equal loudness level contours

70

defined in ISO 226 in the range from 100 to 1000 Hz and from
10 to 60 phon in steps of 10 phon. Right: Threshold of hearing
and 30, 40, 50 and 60 phon contour from Betke [1991] in the
range from 100 to 1000 Hz.
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Figure 5.6.: Left panel: Same as Fig. 5.5(left panel) but threshold of hear-
ing s subtracted from equal-loudness leve contours. Right
panel: Same as in Fig. 5.5(right panel) but threshold deter-
mined by Betke [1991] is subtracted from 30, 40, 50 and 60

phon contour.

5.5.1. Measurement procedure

For the determination of the threshold of hearing a 3 AFC 1 up 2 down
procedure is used. This procedure estimates the 70.7 % point of the psy-
chometric function (Levitt [1971]). Three intervals are presented which
are indicated by a small light. Duration of the signals is 1 s with a separa-
tion of 500 ms between the signals. Signals are gated with 50 ms Hanning
ramps on and off. In one randomly chosen interval the test-tone is pre-
sented. Subjects’ task is to indicate which of the three intervals contains
the test-tone. The response is given by a keyboard by pressing a number
between 1 and 3 corresponding to the signal position. On the computer

screen a feedback is given if the answer is correct or not and then the next
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trial is presented.

The initial step-size is 8 dB. Depending on the answer of the subject level
of the signal is in- or decreased. After each reversal the step-size is halved.
The minimum step-size is 1 dB. After four reversals with minimum step-
size the measurement is finished. All experiments are repeated four times.
The threshold of hearing is calculated as the median of these four last
reversals. The individual threshold is determined for each subject with
the measurement setup described in chapter 3.1.1. Threshold of hearing is
determined for the same six subject as in the previous experiments. Test-
frequencies are 200, 400, 630 and 1000 Hz. Every measurement is repeated
4 times.

5.5.2. Results

Results are shown in Fig. 5.7 (left panel). One can see large differences
between subjects, but intraindivudual variance is rather small. The upper
graph shows individual PSE for a frequency of 200 Hz measured with an
adaptive 2-AFC procedure with interleaved tracks (see Exp. 5.3). Data
are shown for a starting level of 70 dB.

The shape of both contours looks quite similar. Subjects with a relatively
high threshold of hearing have a high PSFE in the loudness measurements,
too. In the right panel of Fig. 5.7 individual PSFE and values subtracted
by individual threshold of hearing are shown. Taken into account the indi-
vidual threshold of hearing standard deviation between subjects is almost
halved. The obtained contours can be interpreted as equal-loudness level
contours sensation level (ELLC — SL).

When subtracting individual threshold from individual PSFE, measured
with the interleaved procedure, interindividual standard deviation is re-
duced for 200 Hz from 6.2 dB to 2.6 dB, 400 Hz from 6.4 dB to 4.3 dB
whereas for 630 Hz standard deviation remains almost unchanged at about

4 dB. These values are averaged data for the three employed starting lev-
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Figure 5.7.:  Left panel: Individual PSE (starting level 70 dB, test-tone
frequency 200 Hz) and individual threshold of hearing for siz
subjects. Right: Individual PSE and values subtracted by in-
dividual threshold of hearing.

els.

The influence of the threshold on the ELLC' is probably restricted to low
and medium levels because for higher levels the FLLC" are getting smooth
and for the highest level the shape is almost a straight line (see Fig.1.1
and Fig 5.5) and differs from the threshold of hearing.

In order to test if the influence of the threshold is stronger for lower ELLC,
threshold data are subtracted from the 30 phone contour determined in
section 3.2.5 .

Subtracting the threshold from individual PSE reduces standard devia-
tion for 200 Hz from 4.4 dB to 2.2 dB, for 400 Hz from 3.6 dB to 3.1 dB,
whereas for 630 Hz the standard deviation is enlarged from 3.5 dB to
4.1 dB. An explanation for the smaller influence might be that the ELLC's

for 30 phone are not obtained with an interleaved procedure, but with a
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simple adaptive method and are therefore biased. Standard deviations for
the measured data with the simple adaptive procedure are smaller than
those obtained with the interleaved procedure.

These influence of the threshold on equal-loudness level contours was con-
firmed for low frequencies in a study of Bellmann et al. [1999]. The
60 phon curve was determined in the range from 16 to 160 Hz and the
threshold of hearing from 40 to 160 Hz for six subjects. The procedures
for the determination of the equal-loudness level contour was the same as
in Exp. 5.3 and the measurement of the threshold of hearing was the same
as in Exp. 5.5.1. Taking into account the individual threshold variance
was reduced by 6 to 10 dB depending on the frequency.

In the same way as Reckhardt et al. [1998] and Reckhardt et al. [1999]
(where parts of the data of this section were presented), Mauermann et al.
[2000] investigated the relation between the fine structure of the thresh-
old of hearing and FLLC'. In this recent paper the signal duration was
250 ms and the frequency range was limited from 1400 to 2000 Hz. The
lower limit was set due to unwanted noises of the subject (e.g. breathing,
small movements). However, the authors argued that the effect of the fine
structure of the threshold of hearing and of the FLLC's is most probably
not restricted to this region.

The threshold of hearing was determined by Mauermann et al. [2000] with
an adaptive 3 alternative choice 1-up 2-down procedure in steps of 25 Hz.
This is similar to the procedure used in the present study to determine
the threshold in Exp. 5.5.1. Variations in the threshold of up to 10 dB for
a small frequency change of around 50 Hz are observed.

Equal-loudness level contours were measured with the same interleaved
adaptive 2-AFC procedure used in the present investigation and in the
paper from Verhey [1999] (see Exp. 5.3). Some of the data from Mauer-
mann were measured with a direct comparison experiment, but differences
between the procedures were not discussed.

Equal-loudness level contours were measured in 5 phon steps. The fine

structure for the equal-loudness level contours at low level was almost
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similar to the one for the threshold of hearing. For higher level the curves
were smoother and for level higher 60 phon the shape was almost a straight
line.

These findings support the proposal taking the individual threshold into

account in an ELLC measurement.

5.6. Conclusion

The obtained contours when the threshold is subtracted from equal-loudness
level contours can be interpreted as equal-loudness level contours sensa-
tion level level (ELLC — SL) (see Fig. 5.6 and Fig. 5.7(left panel)). Since
subjects threshold’s have a fine structure, differences between subjects in
the determination of equal-loudness level contours reflect these individual
differences in the threshold of hearing. At least for the contours at low

levels the influence of the threshold fine-structure can be eliminated from
the ELLC by calculating an ELLC — SL.
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6. General Conclusion

The influence of experimental parameters on the results in experiments
concerning equal-loudness level contours is investigated. A model which is
proposed by Gabriel [1996] (and fitted to data which are obtained under
the same experimental conditions as used by Betke [1991] and Fastl et
al. [1990]) is applied to data from the literature. In the model differences
between results are attributed to the employed experimental setup. The
model takes in particular the absolute position of the employed test-tone
level range influences the resulting point of subjective equality (PSE)
into account. Gabriel [1996] adjusted the model parameters to minimize
the differences between data which are determined under comparable con-
ditions (e.g. by Betke and Fastl for the 30 phone equal-loudness level
contours (ELLC)). The model with this set of parameters fails to mini-
mize differences between data from literature for other ELLC's. Even for
the original data for the 30 phon contour the aim to minimize differences
can only partly be achieved. Although for some frequencies the calculated
curves seem to differ less, for others the difference is increased.

A modification of the determination of model parameters is investigated.
Unreasonable data can be avoided by modifying the calculation of the RE L
value, which reflects the presented test-tone levels in the measurement pro-
cedure. Instead of calculating REL, as proposed by Gabriel [1996], from
the maximum and minimum of the presented level with a weighting of 80%
to 20%, a substitution by using a loudness calculation with the N5 per-

centile avoids unreasonable low values. But the ’correct’ (i.e. ’absolute’)
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ELLC-values remains still unclear. Since only some differences could be
explained by the model, the requirements and limitations of the param-
eters involved are investigated. Is is shown that for some frequencies it
is impossible to minimize the differences between ELLC' from different
studies with this model.

Considering the findings of Gabriel and respecting the recommendations
from ISO/ TC43/ WG1/N122 [1988], an adaptive procedure is proposed
for the determination of ELLC. First results obtained with the method
of constant stimuli and with the adaptive procedure are compared. The
influence of the measurement setup on the results is smaller in comparison
to the results obtained with the method of constant stimuli.

The parameters which have to be set by the investigator in the adaptive
procedure are systematically varied. The influence on the resulting PSFE is
quantified and it is shown that a large initial step-size in the adaptive pro-
cedure minimizes the influence of the starting level. While a large initial
step-size has the disadvantage that the test-tone can get too loud or below
threshold of hearing after a few steps, a moderate initial step-size of 8 dB
is proposed. It is shown that in a simple adaptive procedure the starting
level can still influence the result. Even with two interleaved tracks the
results are biased. Instead of presenting one adaptive track, at least 4 fre-
quencies with different starting levels have to be randomly presented in an
interleaved procedure in order to minimize the influence of the experimen-
tal parameters. The influence of the starting level on the resulting PSFE
can be reduced to the same order of individual reproducibility. Therefore,
the proposed method is insensitive enough against the experimental setup
and can be used for the determination of equal-loudness level contours.
Verhey [1999] reported that the influence of the starting level almost van-
ishes for shorter signals (10 ms). Maybe due to the fact that these short
signals do not produce a hearing sensation of pitch, the task is equal diffi-
cult for all frequencies. Heldmann [1994] claimed that for the impression
of pitch 35 ms are necessary (frequency > 100 Hz). In might be concluded
that bias effect in the determination of ELLC can be reduced by taking
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shorter signals. From Gabriel[1996] it is known that the bias is largest for
the largest differences between test and reference-tone. This is because for
subjects it is most difficult to compare tones which differ in pitch.

The reason for the bias remains unclear. At least from one experiment it is
concluded that the process can be attributed to a more central mechanism
in the processing of acoustic sensation. Although it is clear that it is a dif-
ficult task for the subject comparing two different stimuli, measurements
are repeated with high reproducibility. But the variance between subjects
is rather large. All the data from the literature show that the variance
between individuals (intraindividual variance) is much smaller than differ-
ences between different subjects (interindividual variance). This variance
can partly be minimized when taking into account the individual threshold
of hearing. When subtracting the individual threshold of hearing from the
individual PSFE for each frequency, at least at low levels and low frequen-
cies the standard deviation is reduced about a factor of two. The obtained
equal-loudness level contours can be interpreted as equal-loudness level
contours sensation level level (ELLC — SL).

The proposed measurement setup for the determination of new ELLC's
should be restricted to the proposed schemes in order to avoid biasing the
results by the employed procedures. The results of this investigation will
help to determine comparable loudness level contours in different labora-
tories under free-field conditions in order to be used for a revision of the

contours for a new standard.
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A. Appendix

A.l.

Comparison of data from the literature

A comparison of papers from Mgller & Andresen [1984] and Watanabe &
Mgller [1990] is given in Table A.1:

Phon | Frequency | (1) | (2) | (3)
20 63 58.0 | 60.8 | 65.7
40 63 7171759 | 814
60 63 828 | - 1933

Table A.1.: Comparison of data measured by:

(1)= Mopller & An-

dresen [1984] (adaptive procedure), (2)= Watanabe & Moller
[1990] (adaptive procedure), (3)= Watanabe € Moller [1990]

method of limits.

The main difference between the papers is that Mgller & Andresen [1984]

perform the experiments in an pressure chamber and signals have a dura-

tion of about 2 sec separated by a silent interval of around 1 s , whereas

Watanabe & Mpgller [1990] use an unechoic chamber and signals have a

duration of 1 s, separated by a 0.5 s silent intervall.

While it is unclear which is the reason for the large differences between

data, for the model investigation in chapter 2 the newer data obtained

with the adaptive procedure are used.
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A.2. Original instruction displayed on the

computer screen

WELCHES DER BEIDEN SIGNALE WAR LAUTER ?

Driicken Sie Taste , wenn das erste Signal lauter war.

Driicken Sie Taste , wenn das zweite Signal lauter war.

A.3. Instructions for the measurement

procedure

Instructions for the measurement procedure (same as used by Gabriel
[1996]).

Instruktionen zum Versuchsablauf

Bei diesem Versuch werden Thnen jeweils zwei aufeinanderfolgende Téne tiber
den Kopfhorer vorgespielt. Die T'one unterscheiden sich in der Tonhohe und
in der Lautstirke. Bitte beurteilen Sie nur die Lautstdrke der Téne und
beantworten Sie nach der Darbietung der beiden T6ne die folgende Frage:

Welcher der beiden Tone war lauter?

Driicken Sie Taste 1 auf der Tastatur, wenn der erste Ton lauter war.

Driicken Sie Taste 2 auf der Tastatur, wenn der zweite Ton lauter war.

Wenn Sie Thre Antwort abgegeben haben, werden IThnen zwei neue Téne
vorgespielt.
Vielen Dank fiir Thre Mitarbeit!
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Instructions for the measurement procedure

In this experiment you will be presented with two successive tones via
headphone. The tone will differ in pitch and in loudness. Please, base your
judgement only on the loudness and answer after the presentation of two tone
the following question:

Which of the two tone was louder?

Press key 1 on the keyboard, if the first tone was louder.

Press key 2 on the keyboard, if the second tone was louder.

When you have made your judgement, you will be presented with a
new pair of tones.

Thank you very much for your co-operation!

A.4. Data from Chapter 4

f[Hz] || 30- 50 dB | 50 - 70 dB
200 0.9 2.8
400 0.7 2.0
630 1.8 2.4
1000 0.5 -0.1

Table A.2.: Differences between PSE values using different starting levels,
i.e. 30 vs. 50 dB and 50 vs. 70 dB for 4 test-tone frequencies.
Initial step-size 8 dB.
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f[Hez] | 30 - 50 dB | 50 - 70 dB | 70 - 90 dB
200 1.5 0.5 46
400 -0.1 0.5 -
630 -0.1 1.8 -
1000 0.3 0.4 -

Table A.3.: Same as in Table A.2, but initial step-size is 16 dB. In addition
a starting level of 90 dB is used for 200 Hz.

f[Hez] | 30 - 50 dB | 50 - 70 dB | 70 - 90 dB
200 1.3 5.1 40
400 1.3 2.6 -
630 2.7 3.9 -
1000 0.5 0.1 -

Table A.4.: Same as in Table A.3, but initial step-size is 4 dB.
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