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Abstract

The paper deals with the two various optimizatiomcgsses finding such geometrical form of acoustiaa
vities which leads to excitation of predefined astomiresonance. A computing times and accuracysoiiations
are compared. The attention is focused both oritsietwo formants that are important for vowel gugtion,
and on a domain between the third and the fiftimfomt. This frequency domain is important for vaiirebre,
namely for singing voice. The problem is solvedtbg help of transfer matrix method using conicetic
elements. The results should help to have a pHysakground for voice rehabilitation, for teachiofjopera
singers at musical faculties and for better undeding of biomechanics of voice production.
© 2007 University of West Bohemia. All rights reserved.
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1. Introduction

Theme of the paper is focused on optimization fagses of geometrical form of human
vocal tract. An optimization process is designedirtd such configuration of acoustic cavi-
ties, respecting real physiological limits, whigadls to excitation of predefined acoustic re-
sonance. Especially frequency domain between ting@ &md the fifth formant is important
for voice timbre, namely for singing voice (‘thager's formant’) [5]. The opera singers are
able to reach these resonances, but without reaiqal image.

2. The mathematical model

2.1. Direct numerical method

The transfer matrix method using conic elements wsed. The base of this method is
wave equation of an acoustic duct with variablessrgectiorA(x) and viscous losses (specific
acoustic resistanag) [2]
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The vocal tract was made of 23 elements as a mafdetal and epilaryngeal cavities
from vocal folds to mouth for Czech vowel /a/.

The first optimization procedure was programmedMatlab on the basis of polytop
method [1]. This is a general procedure of numésgearching for minimum of a goal functi-
on of several variables. A goal function was destgon the basis of required eigenfrequen-
cies (formants). Let's call this method 'directitighin the following text.

2.2. Energy sensitivity method

The second optimization procedure was programmelatiab too. According to [4]
sensitivity of a particular eigenfrequency to argin cross-sectional area can be written as

EK,V - EF)l,V
B Et

14

: )

where Ek, andEp, means the kinetic and potential energy in thk cross-section

for the 1~th eigenfrequency¥, . Et, means the total energy in all cross-sections.rihggof
the sensitivity function is obvious from the redati

AF,
Su A’Q 3)

Nearly according to [4], using the sensitivity ftipo, an iterative process was used
for ani-th cross-sectional area computation

A=A -(1+2 asj @

where® z, is a function of the difference between desired &stantaneous-th eigen-
frequency. Let's call this method 'energy tuninghie following text.

The advantage of energy sensitivity execution atingrto (2) is that the computation
time is 120 — 150 times shorter than the computatiime of direct execution for particular
cross-sectior”A; according to (3). Sensitivity functions for= 1-24 andv = 1-5 computed
by direct method fonA; : A =0.05 and by energy metod are displayed in fig. 1 —3ig.

A difference between the curves, particularly olgian fig. 4 and fig. 5, is not large. It is
important that the character of both curves isstirae.
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Fig. 1. Sensitivity functionS,,,, ; . Fig. 2. Sensitivity functionS,_,, , .
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3. Optimization examples — formant tuning

3.1. First example — tuning ofiland K

There were all 24 cross-sections variables withan tange oft 50 % of original values
in these examples. The speed of sound and thetgeighe air were considered, = 353
ms®; p = 1.2 kgn?, viscous losses were neglected 0 kgm®s™. The values of the original
vocal tract formants.~— K were 644.3, 1186.2, 3101.8, 3944.1, 4967.5 Hz.

The aim was to tune first and second formantseiguencies 880 Hz and 1320 Hz. These
values are the second and the third harmonic coergerof a tone with fundamental fre-
guency 440 Hz (standard musical pitch). This isoaspbility how to amplify the sung tone
that gets near upper limit of tenorists.

In the first example only the first and second fants were tuned without reference to lo-
cation of the others. The goal function for direwthod was then

f oo = (F, —880)* +(F, —1320°. (5)

Energy metod doesn't need any goal function, itjhstsprescribedr; = 880,F, = 1320 and
v=12.
Geometry of the original vocal tract and 'directtinoel’ modified one is shown in fig. 6.

Geometry of the vocal tract modified by 'energy moet is shown in fig. 7. Evidently 'energy
method' gives smoother shape without sharp edges.
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Fig. 6. Geometry of vocal tract, 'direct tuning’Fdf and F2.
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Fig. 7. Geometry of vocal tract, 'energy tuningFafand F2.

In tab. 1. modified formants, number of iterati@ml computing time are displayed. For-
mants kr and k, were successfully tuned to desired frequencighéypoth methods, while the
others changed in a different way. Neverthelesdifierence between second and third for-
mant reduced in both cases, hence the reductigaijme part of transfer function) between
1500 — 2800 Hz disappeared. Transfer function efaitiginal and modified vocal tract model
Is shown in fig. 8. for 'direct method' and in fiiy.for 'energy method'.

Number Computing
Method Formants Fy — 5 [HZ] of iterations |  time [s]
direct 880.0, 1320.0, 2669.1, 3520.6, 4432.4 0 29 298
energy 880.0, 1320.0, 2894.8, 3747.4, 4740.0 6 13 5

Tab. 1. Results of the first example by two différmethods.
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Fig. 8. Transfer function of vocal tract, 'direghing’ of F1 and F2.
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Fig. 9. Transfer function of vocal tract, 'energyping’ of F1 and F2.

Both methods are essentially different therefawenber of iterations in tab. 1. can't be
compared. But the computing time is suitable guamd confront. The ‘energy method' is 60
times faster in this example.

3.2. Second example — tuning af-HFs

In the second example the first and second formaate tuned to frequencies 880 Hz and
1320 Hz again, but the others were required to kkep original values. The goal function
for direct method was then

f oo = (F, —880)° +(F, —1320" + (F, —31018)* + (F, — 39441)" + (F, —49675)°. (6)

Geometry of the original vocal tract and 'directtinoel’ modified one is shown in fig. 10.

Geometry of the vocal tract modified by 'energy moet is shown in fig. 11. The 'energy
method' gives smoother shape than the 'direct rdesgain.
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Transfer function of the original and modified vbaact model is shown in fig. 12. for
'direct method' and in fig. 13. for 'energy meth@&tith modified transfer functions are nearly

the same.
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Fig. 11. Geometry of vocal tract, 'energy tuning--F5.
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Tab. 2. Results of the second example by two d@iffemethods.
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Resultant values of modified formants, number efations and computing time are dis-
played in tab. 2. All the formants were succesgfiuined to desired frequencies by the both

methods. The 'energy method' is more than 200 tfester in this case.

Method
direct
energy
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Fig. 12. Transfer function of vocal tract, 'diréahing' of F1-F5.
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Fig. 13. Transfer function of vocal tract, 'enetgging' of F1-F5.

4. Conclusion

Two examples of vocal tract formant tuning werergaut. Direct numerical method and
energy sensitivity method were compared in bothrgtas.

'Direct method' based on the polytop method [1]egelty enables to vary both cross-
sectional area and length of each acoustic comment [3]. In addition it is possible to
search for the minimum of a goal function whichluaes a difference between some for-
mants. This can be important for 'the singer's forthsearching. [5], [3].

'Energy method' according to [4] enables to varly @anoss-section areas and its solution
just heads for the specified formants. However thethod gives smoother shape of vocal
tract and moreover its computing time is much sroit comparison with ‘direct method'.
This time was 60 times shorter in the first examgobel more than 200 times shorter in the
second example.
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