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Abstract: The perception of dual-polarization sounds was studied in
listening experiments using an acoustic guitar string model. Detecting
a change in beating was measured as a function of the level difference
between the vertical and horizontal components. Beating frequency and
fundamental frequency were used as parameters. Perception of two-stage
decay was studied in two experiments as a function of difference in the
time constants of the polarization components. It was found that our
sensitivity to dual-polarization effects is generally weak. Significant de-
viations from reference values were allowed before they became audi-
ble. However, the interaction of beating and two-stage decay phenomena
should be considered when designing control schemes for synthesis pa-
rameters.

1 INTRODUCTION

The demand for high-quality audio in a low-bitrate channel has created a need for more
parametric representations of sound. The MPEG-4 multimedia standard includes struc-
tured methods for representing synthetic audio (ISO/IEC, 1999), (Vercoe et al., 1998),
(Scheirer and Yang, 2000). Also in the more recent MPEG-7 multimedia content descrip-
tion interface (ISO/IEC, 2001), the timbre of musical sounds is described by perceptually
relevant parameters (Peeters et al., 2000), (Lindsay and Kriechbaum, 1999). However,
our understanding of the perception of musical sounds is not accurate enough for com-
plete parametric representations. Perceptual studies are needed to explore the effects of
individual attributes.

The objective of this study is to gain general understanding of musical sounds and to
produce perceptual knowledge of the behavior of dual-polarization string models. How-
ever, a formal perceptual study is problematic because of the underlying complex beating
and decay patterns that cannot be controlled in detail. This first attempt concentrates
on the general detection of the effects.

2 TWO-STAGE DECAY AND BEATS

After being excited the string vibrates freely in three modes: the transversal, the lon-
gitudinal, and the torsional. The last two modes have relatively little importance for
sound production in plucked string instruments. The transversal mode is divided into
horizontal and vertical components, which vibrate in the plane of the top plate and
the plane perpendicular to it, respectively. The vibrations attenuate exponentially, but



because of unequal bridge impedance seen by the polarization components, they have
slightly different decay times. The horizontal polarization is dominant at first, having
a much higher initial amplitude than the vertical component. However, it is decaying
faster than the vertical component, which after a while becomes dominant. Thus the
fast decaying but louder “prompt sound” is followed by the more sustained “aftersound”.

The unequal bridge impedance also causes a difference in the effective lenght of the
string between the vertical and horizontal components. This results in a slight difference
in the corresponding fundamental frequencies, which can be observed as beating, i.e.,
periodic amplitude modulation (AM) of the partials (Weinreich, 1977). Figure 1 gives an
example of both phenomena. The left panel shows the overall amplitude of a guitar sound
that was synthesized by mistuning the polarization components while their decaying
times were equal. The amplitude variations that are seen in the figure result from the
complex effect of the beating patterns of individual harmonics. The right panel presents
the case where the components have equal fundamental frequencies but different decaying
times. The solid line shows clearly the two parts of the overall decay pattern. During the
first second the sound is dominated by the horizontal component that is initially stronger
but decays faster (dashed line). After that the more slowly decaying vertical component
becomes stronger and creates the aftersound. The decay of the weaker component alone
is shown by the dash-dotted line.
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Fig. 1: Amplitude modulation (left) and two-stage decay (left) caused by double polar-
ization.

2.1 PERCEPTION OF BEATS

The perception of beats in the audible range varies with modulation frequency. Two
sinusoids at slightly different frequencies are perceived as a single beating tone whose
beating frequency equals the frequency separation of the tones. Furthernore, if the
amplitudes of the components of a beating tone are unequal, the overall pitch is varied
according to the modulation rate. The maximum of the pitch shift cycle coincides with
the minimum of the amplitude, so that the pitch effect is supressed. However, there are
several reports that the pitch shift is sometimes detectable (Feth et al., 1982), (Versfeld
and Houtsma, 1995).

The detection thresholds for amplitude modulation, expressed as modulation per-
centage required for detection, have been measured in previous studies as a function of
modulation frequency (Schorer, 1986), (Moore and Sek, 1992), (Moore and Sek, 1995),
being typically around 5 % and decreasing for modulation rates higher than 64 Hz.



3 THE DUAL-POLARIZATION STRING MODEL

The horizontal and vertical polarizations can be implemented by mixing the outputs of
two basic string models (Jaffe and Smith, 1983). A dual-polarization string model of
the acoustic guitar is presented in Fig. 2 (Vilimaki et al., 1996), (Karjalainen et al.,
1998). The input is fed to two parallel waveguide string models according to the mixing
parameter m,. The outputs of the models are summed together. The beating effect is
implemented by mistuning the delay lines corresponding to the horizontal and vertical
modes, and the two-stage decay is controlled by varying the overall decay parameters of
the loop filters. The parameter g. between the components controls the coupling between
the polarizations. Sp(z) and S,(z) are the single string models producing the horizontal
and vertical components.

Fig. 3 presents the block diagram of a single string model (Karjalainen et al., 1998).
The string has a transfer function
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where L; is the integer part and F'(z) produces the fractional part of the delay line
length. Hi(z) is the loop filter which determines the decay of the tone according to
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where g controls the overall decay time constant and a is a frequency-dependent param-
eter. Two-stage decay is implemented by mistuning the g parameters in the horizontal
and vertical string models.

Horizontal polarization

S(z)

out

VI o8

Vertical polarization

Fig. 2: The dual-polarization string model.

4 LISTENING TESTS

The perception of dual-polarization sounds was studied in two listening experiments.
Detecting a difference in beating was measured as a function of the level difference
between the vertical and horizontal components. The second experiment studied the two-
stage decay. Perceptual tolerances were measured for variations in the time constant of
the aftersound. A third, rather small-scale experiment measured the perceived similarity
of one- and two-stage decay patterns.
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Fig. 3: Block diagram of a single string model.

4.1 TEST SOUNDS

The test sounds were synthetic acoustic guitar tones generated by the string model
given above at sample rate of 44.1 kHz. The fundamental frequency fy and frequency
separation Af of the polarizations were used as parameters in both experiments. The
tones were either E4 (330 Hz) or G3 (196 Hz) with Af = 0, 0.4, or 0.7 cent (1/100 of
a semitone). The largest mistuning was about 1 Hz for E4 and 0.6 Hz for G3. The
coupling parameter g. was set to zero and m, to 0.5. Sound duration was 2.0 s in the
beating experiment and 2.5 s in the decay experiment.

4.2 TEST DESIGN AND SUBIJECTS

In the first experiment the task was to detect a difference in the beating pattern when
the level difference between the polarization components was varied. Measurements
were made both starting at equal levels and decreasing the other component gradually,
corresponding to increasing the mixing parameter m, from 0.5, and starting from one
polarization and increasing the level of the other component, which means in terms of
synthesis parameters decreasing the value of m, from 1.0. The measurement was run for
E4 and G3 with Af = 0.4 and 0.7 cents, which resulted in eight different test cases.

In the second experiment the decay time constants of the components were varied.
The time constant of the faster decaying horizontal component was fixed to 7, = 0.3015
s, which corresponds to natural tones. The time constant 7,of the vertical component
was increased from this level in seven steps. The two-stage decay became gradually
audible as the difference in decay times increased. Fundamental frequency, mistuning
of the components and their level difference were again used as parameters, but not in
all combinations. Four cases were tested: FE4 with 10-dB level difference between the
components and either 0 or 0.7 cent difference in fy, and G3 with tuned polarizations
and either 10 dB or 20 dB level difference. The parameters are summarized in Table 1

The experiments followed the two-alternative forced choice (2AFC) paradigm. The
seven conditions in each test case were repeated four times with the target signal occuring
randomly in either the first or the second sound pair in the trial. The presentation order
of the conditions was randomized within test cases. The tests were carried out in a quiet
listening room one subject at a time. The sounds were played from a computer through
Sennheiser HD 580 headphones at general level of about 85 dB, and the listeners gave
their responses using the graphical interface of the GuineaPig system (Hynninen and



Zacharov, 1999).

Seven subjects participated in the experiments. They were personnel of the HUT
Laboratory of Acoustics and Audio Signal Prosessing, and most of them had previous
experience of listening experiments as well as some musical background. None of them
reported hearing defects. The subjects were trained before the experiment.

Note E4 G3

fo 330 Hz | 196 Hz

A Level | -10 dB | -20 dB

My 0.75 0.9

Afo 0.4 cent | 0.7 cent
Th 0.3015 s

Table 1: Summary of parameters in the experiments.

5 RESULTS

Detection thresholds were computed from the listening test data, expressed as stimulus
intensity required for 76 % correct responses. This criterion set the threshold to three
correct responses out of four, on the condition that the next higher stimulus intensity
would produce four correct responses. Since the number of repetitions was rather small,
three correct responses could sometimes be a result of guessing and had to be omitted
in the threshold computation.

5.1 BEATING EXPERIMENT

The results of the beating experiment are presented in Fig. 4. The left panel shows
the detection thresholds when the amplitude of the vertical component was increased
from zero, i.e., the parameter m, was decreased from 1.0. The thresholds are roughly
constant for all test cases regardless of fy or Afy. The mean threshold over all cases was
m = 0.89, which corresponds to a level difference of 18.2 dB between the polarizations.
The right panel shows the thresholds when the components were equally strong at first
and m, was increased from 0.5. The mean threshold over all cases, m, = 0.69, shows a
larger tolerance to changes. When in the first case a tolerable change in m, was 11 %,
in the second it was 38 %. Thus beating is first noticed, when the level of the vertical
component is 18 dB lower than the horizontal component. If the components are at
the same level, a decrease of less than 7 dB in the level of the vertical component is
unnoticed.

Just noticeable differences were unfortunately not measured for other values of m,
between 0.5 and 1. A general insensitivity to changes in the middle range would suggest
that the effect of the mixing parameter would be two-valued: either ON or OFF. This
would simplify its quantization. As can be seen from the boxplots in Fig. 4, there is not
much space between the lowest results for the my..p= 1.0 and the highest results for
mpref = 0.5 cases, and it is expected that our sensitivity in this area is not much better
than in those that were measured.
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Fig. 4: Thresholds for detecting beats. Left: m,, decreasing from 1.0. Right: m,, increas-
ing from 0.5.

5.2 DECAY EXPERIMENT

The increased time constants 7, of the vertical component required for detecting two-
stage decay are shown in Fig. 5. In the three leftmost cases the initial level difference
between polarizations was 10 dB, and the analysis of variance (ANOVA) shows that
there is no significant difference between the results. The mean threshold over the 10-dB
cases is 7, = 0.42 s. However, the thresholds seem slightly lower in case 2 than in case 1.
The test sounds in these cases are otherwise similar, but the fundamental frequencies in
case 2 differ by 0.7 cent. Beatings become more salient when the slowly decaying vertical
component reaches a significant level, which could explain the result. In the fourth case
the initial level difference was 20 dB, and the mean threshold is 7, = 0.57 s. Compared
to the reference value 7, = 0.30 s, a difference of 31 % is tolerated for the first three
cases and 90 % for the fourth case.

The thresholds are applied in synthesized sounds in Fig. 6. The solid lines in the left
and right panels show the decay pattern of a G3 tone with initial level difference on 10
dB and 20 dB, respectively, synthesized by using the measured threshold values for 7.
The dashed lines show the decay of the horizontal component, which has the same decay
pattern as the reference tone with no two-stage decay, and the dotted line shows the
decay of the vertical component. It is seen that the cross points, where the decay starts
following the slower pattern, are roughly at ¢ = 1.2 s and ¢ = 1.3 s, and that the final
difference in the levels of the components is about 10 dB in the left panel and about 15
dB in the right panel. Expressed this way the differences between the cases are relatively
small.

The motivation for the decay experiment was to find out, how easily a difference
is perceived between two-stage decay tones and tones that decay like the horizontal
component alone. The essential difference between these tones is the duration of the
decaying part while the attack and early parts are practically equal. In the examples of
Fig. 6 the -60-dB point is reached 0.3 and 0.5 s later in the two-stage decay tone than
in the reference tone until the difference becomes audible.
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Fig. 5: Thresholds for detecting two-stage decay.
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Fig. 6: The thresholds for detecting two-stage decay applied in synthesized sounds.
Initial level difference of 10 dB (left) and 20 dB (right).

5.2.1 Form of decay envelope

Another approach to the perception of two-stage decay is to fix the effective signal length
and measure the sensitivity to the notched form of the two-stage decay pattern. This
was done by synthesizing exponentially decaying reference tones, whose initial and final
amplitudes were equal to those of a two-stage decay tone. The time constant of such
sounds was between 73, and 7, of the polarization components.

A third listening experiment was organized, where the task was to judge the similarity
of a two-stage decay tone and its corresponding reference tone on a scale from 0 to 10.
The time constant 7, of the vertical component was varied in five increasing steps between
0.54 s and 1.7 s, and the reference tones were computed accordingly. The measurement
was run on note G3 with 20-dB initial level difference between tuned components. The
results are seen in Fig. 7. The perceived similarity ratings have dropped sligthly already
for the second and third conditions, but there is a significant decrease for the last two,
whose mean ratings are 4.3 and 3.1, respectively.

The situation is depicted in Fig. 8 for case 3 (7, = 0.81 s) in the left panel and case
5 (1y = 1.7 s) in the right panel. The maximum level difference between the tones is
3.8 dB in the left panel and 6.5 dB in the right panel. According to the subjects, the

difference was mainly detected in loudness as a “bump” in the middle of the reference
tone.



Similarity ratings

Fig. 7: Similarity ratings for one- and two-stage decay tones for 7;, = 0.30 s and 7, =
0.54 ...1.7s.
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Fig. 8: Comparison of one- and two-stage decay patterns. Left: similarity rating 6.7/10,
right: similarity rating 3.1/10.

6 DISCUSSION AND CONCLUSIONS

The perception of dual-polarization effects was measured in three listening tests. The
detection of beats was studied as a function of level difference between the horizontal
and vertical components. Reduction of level of the vertical component was detected
poorly until the level difference was about 7 dB, and for differences greater than 18 dB
beatings remained inaudible. The transition region between these was not studied in
this experiment, but it seems that accurate control of the level difference through the
mixing parameter m in the dual-polarization string model is unnecessary.

Two-stage decay was studied in two experiments. At first its audibility was studied
against sounds that decay like the horizontal component alone. This is similar to ignoring
two-stage decay in sound synthesis. The detection mainly depended on the increased
duration of the decaying part of the sound. Differences between 30 % and 90 % in
the time constants of the horizontal and vertical components were allowed perceptually,
depending on the level difference between the polarizations. Next the perception of the
notched form of the decay pattern was studied against exponentially decaying sounds,
whose initial and final amplitudes matched those of the two-stage decay tones. Relatively
small differences were perceived in loudness.

Sensitivity to dual-polarization effects seems relatively weak. However, interaction
of the beating and two-stage decay effects should be considered when designing control
schemes for the synthesis models. If the polarization components are made equally
strong, the two-stage decay cannot be implemented at all. However, the notched form



of the decay envelope is relatively easily discriminated from simple exponential decay,
which suggests that two-stage decay has an effect on the perceived quality of synthetic
tones. Also, if the initial level difference is large, two-stage decay may emphasize the
beating between the components.

The results are useful in control of the parameters in model-based synthesis. When-
ever the effects of dual polarization remain inaudible, synthesis could be simplified by
using only one string model. However, the perception of beating and decaying effects in
instrument sounds is interesting also in theoretical sense, and more research is required
for a thorough understanding of these phenomena.
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