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The aim of the present study was to obtain the picture of the structural changes occuring
in the spectra of a violin sound, with the four bowing techniques: detaché, staccato, legato and
martele. FFT analysis has been carried out using the system VoLyzeR [19] and Seur [13] on
IBM XT personal computer. Experimental material selected for this investigation consisted of the
isolated sounds ¢ (196 Hz), d! (293.7 Hz), a! (440 Hz), e? (659.3 Hz) and d° (1175 Hz) obtained
with five instruments. Total number of randomly selected dynamical spectra, was 35. The tone
structures have been analysed within 0-220 ms timescale, in 20 ms segments. In this time span the
spectrum continually undergoes the changes comprising the range of the spectrum, the number
of the formant maxima and their amplitude levels. Three types of formants exist: continuous,
non-continuous and fragmentary. The changes of the position of the formant maxima on the
frequency scale, the forms in which the amplitude levels of these maxima vary, the durations
of the specific formant creation and the stabilization of the full formant set in the spectrum of
sound have been analysed.

1. Introduction

In vast literature devoted to the acoustic problems of a violin sound, the natural fre-
quency patterns of vibrating plates relating to so-called material resonances and airborne
resonances of the instruments (refered to as “Helmholtz’s air resonances”) are those most
widely dealt with [18]. Despite of the rich experimental material and broad discussions,
both problems still remain open [17]. The natural frequencies of the instrument affect
its frequency characteristics. The frequency response functions are either obtained from
direct monitoring of the amplitude of vibrations at the locations of interest of the instru-
ment (corpus or the bridge) or recording the amplitude of the acoustic signals resulting
from these vibrations. In the analysis of resonant structures of frequency response func-
tions when seeking the vocal attributes of an instrument, one may use the term “formant
responses” [1]. The term “formant” can also be defined as the maximum on the envelope
of the sounds spectrum.

The particular sounds of stringed instruments can be characterized by their detailed
structure, also called the microstructure, consisting in the changes of frequency, inten-
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sity and spectral structure [16]. Performance of the violin music features a wealth of
these intrinsic sound changes [8], [9]. Among other things, it relates to the possibil-
ity of applying different bowing techniques. It has been found, in the course of pre-
liminary studies, that the formant patterns in the dynamical spectra of bow generated
natural sounds of a violin, as well as the frequency, undergo changes as a function of
time [5]. These changes concern the position and amplitude of the formant’s maxima.
The shifts on the frequency scale of the formant’s maxima do not posses a single tone
local change character (as exemplified by the study made by B.M. MOORE [15]), but oc-
cur in whole ensemble of the partials of a given sound [17]. There are various causes
for it. Among other factors, these changes may result from the change of a system of
forces, acting on an instrument during different forms of the bow and string interaction
[11], [12].

The purpose of the present study is to obtain an analytical picture of structural
changes occuring in the process of formation of a dynamical spectrum of natural, iso-
lated sounds of a violin using various bowing techniques, especially including formants
patterns.

2. Scope and methods used in the study

Fundamental goal of the investigations described in this paper was to examine a pos-
sibility to select the most characteristic structural features of the bowing techniques like:
detaché, legato, staccato and martele, using the methods of analysis of the profile of
dynamical spectra of a violin sounds.

The specific tasks are as following:

— to determine the changes occuring in the formant pattern during the time of for-
mation of an violin sound,

— to determine the change in amplitude levels of the formant maximum in the sound
spectrum in this time,

— to analyse a stabilization process of the formant’s pattern.

a. Experimental

Five instruments have been selected for the investigation, including two antique, but
regularly in use violins, namely, B. DANKWART'S (17 century violin), (Da) and the violin
(Am) from N. AMATI'S shop (16/17 century), two violins from contemporary artists violin-
makers (these two instruments, further refered to as Ca and Vi, had been awarded the
high prizes at VII th International Wieniawski Competition of Violin-Makers in Pozna,
in 1986) and an experimental violin (Ka), whose back plate was finished in a non-standard
way.

The instruments were played by a professional musicians with academic degree. The
four bowing techniques were used in exciting the isolated sounds in the performed tests
consisting ¢, d', a', * and d* sounds.

Following points have been ascertained with the aim to standarize the conditions of
the performance:

— all the recordings took place in the same location with precisely determined con-
figuration of the player and the microphone,
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— the violinist repeatedly performed the test sounds on all five instruments in the
same test configuration,

— playing vibrato was avoided,

— the violinist was provided an opportunity of a rehearsal of the tests using all five
instruments,

— in order to adjust to the modified requirements of the test, regarding a duration of
signals and their intensity level, the player was making preliminary performances,

— always the same bow and rosin was used.

With regard to the fact, that every natural sound signal of stringed instruments is an
individual and irreproducible phenomenon, the performer of the tests was only provided
with general instructions necessary to minimize the differentiation of intensity levels and
durations of the produced sounds. He had a freedom of performing the particular tests
as to obtain best tone of an instrument when playing “mf”. Detailed measurement of the
intensity level and time during the test, was abandoned. There is no opportunity though,
to impose unified criteria for all the signals under study, since they are bound to be of
a different character, due to the accepted choice of the different techniques of playing a
violin.

The purpose of applying the detaché and legato technique is to obtain quasi-stationary
signals, while staccato and martele produces impulse-like-signals. The violinist took a fixed
position with reference to the microphone by stepping on a marked place on the floor.
The microphone was mounted opposite the bridge in the distance 30 to 35 cm. The
amplitude level of the generated signal was monitored before each group of tests, to
enable the performer to adjust the dynamics to within 75 to 80 dB range and to adjust
the duration of the signal. The violinist was timing the play in such a way, as to obtain
one pluck of bow per second with the detaché technique, one sound per second in legato,
two with martele and four with staccato techniques. _ :

Recordings have been made in M. Groblicz concert hall in the Museum of Musical
Instruments in Poznaf the same in which violin instruments were rehearsed at the all
International H. Wieniawski Competitions of Violin Makers, as well as the acoustic tests
associated with the H. Wieniawski Competitions [5].

The sounds were recorded with tape recorder model MP 223. Best recordings were
chosen for the detailed analysis, of which 35 were randomly selected, with due represen-
tation of all four performing techniques.

b. Spectral analysis

Spectral analysis was conducted with fully computerized method using an PC IBM XT.
Two programs: a modified SPLIT-Signal Analysis Program [13], [14] and System VOLYZER
[19], have been used. Sampling rate amounted to 50000 samples per second (kS/s), filter
cut-off frequency was 25 kHz at the attenuation 80 dB/octave. Signal segmentation time
was 20 ms. The dynamics of the spectra was studied within 0 to 220 ms time interval
(Fig. 1). The choice of such an interval was made on the basis of the published data [3],
[17] and the results of the authors own preliminary analyses where it is believed that the
adopted time-span should encompass the sound formation period (attack) and beginning
of the steady state (see Fig. 1). The coding of individual signals is shown in Table 1.
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FiG. 1. Time-evolution of the dynamic spectrum of Da31 a!/A detaché sound.

Table 1. Coding system of the sounds data

1 Da,Ka,Am,Ca,Vi
2 od 1 do 35

3 g, a7, a*, e*d”
4 G,D,AE

5 s,m,l,d

1. Instruments symbol.

2. Sounds number.

3. Sounds frequency: g [196 Hz], d' [297.3 Hz],
al [440 Hz], €2 [659.3 Hz], d* [1175 Hz]

4, String.

5. Techniques: s — staccato, m — martele,
I — legato, d — detaché.
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3. Processing and the analysis of the results

The sound material for the analysis are collected in Table 2.

Table 2. List of the sounds selected for the analysis

Sound | Instrument Techniques
detaché legato staccato martele
Da 9/G - (29) = -+ —
g Ca 9/G - (30) =5 X e
Ka g/G - (2) — g/G - (5) —
dl Da . d'/D - (10) — o
Da al/A-(17) [ aVA-(11) [ al/A=(14) | aT/A=(8)
a'/A-(31) | aYA-(16) | aYA-(19) | aY/A-(9)
al/G - (15) 8 -~ al/A - (35)
al/D - (18) 3 5 E
al Ca al/A - (32) — — —
Ka ald-(4) |a'/A-(28) | aYA-(3) | aYA-(7)
Am al/A-(22) | aYA-(23) | a/A-(21) | aYA - (26)
Vi al/A - (33) = i —
Da — e?D - (12) — L
o2 Ca ¢*/E - (34) e = e
Ka e2E-(6) | e/D-(1) dsl .
Am — — e2/E - (24) | e¥E - (25)
£ Da =2 oL — d’E - (13)
"~ Am d*/E - (27) - d*/E - (20) —

Every dynamical spectrum of a sound was undergoing an individual careful analysis.

Frequency range of the partial tones in a spectrum and its variability within the separate
sounds during the signal persistance, was measured, aimed at obtaining an exact charac-
teristics of the analysed sounds. It has been accepted, that this range is defined by the
highest harmonic recorded at least 4 dB above noise level.

Following structural features have been examined in the analysis of the fine structure
of a sound:

— distribution of the formants on frequency scale,

— changes of the amplitudes of formants maxima in the duration time of signal,

— time in which the complete formant structure developes.

Formant maximum was identified as the maximum of an amplitude envelope only, if
the discrete component tone at which the maximum was localized, exceeded by at least
3 dB, amplitude levels of the adjacent minima on this envelope. Such a predominance
creates conditions to effect an acoustic impression by a formant [6], [7].

a. The range of tone components in a spectrum

The range of tone components occuring in the spectra of different sounds of a violin
is largely diversified. In spite of the standarization of experiments i.e. the conditions of
a sound generation and recording, the sounds of the same pitch, excited with different
instruments or with different strings as well as those produced by diverse techniques may,
vary with regard to their harmonics contents.
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Table 3. Changes of the range of the partials n in a dynamical spectrum
of a! sound of a violin with reference to the initial state nj

Tech- | In- i An = ng —ny
nique | stru- Segmentation Time [ms]
ment | 0- 20- | 40~ | 60~ 80— | 100~ | 120 | 140- | 160- | 180- | 200~
20 40 60 80 100 120 140 160 180 200 220
7 15 0 -3 9 9 10 18 16 16 18 18
8 18 0 -3 —4 -4 — —4 —4 —4 —4 —4
m 9 10 0 2 1 4 1 1 1 0 0 0
26 15 3 4 3 3 3 3 3 ‘i — —_
3y 13 0 8 10 8 12 4 8 8 i 13
28 14 -5 0 -1 —4 -1 0 -1 —4 —4 2
| 16 15 0 0 0 -1 0 1 1 1 1 1
11 9 > 11 6 5 5 ) 5 8 8 7
23 13 0 ¥ 11 3 1 A 3 7 4 1
3 9 6 7 12 13 13 13 8 i — —
g 14 15 0 —4 -5 -5 =5 -5 -5 —6 -7 -7
19 20 -3 —4 —4 —6 —6 —10 -10 - — —
ph i 13 1 0 0 0 1 0 —1 -2 -3 —4
4 12 0 -2 1 2 -1 0 0 -1 -1 -2
17 10 2 3 0 1 1 0 1 1 0 1
31 12 0 0 3 3 3 ¢ 1 3 3 -+
d 32 13 10 6 3 3 3 11 12 11 13 5
33 8 0 0 2 1 0 0 1 0 0 1
15 7 0 8 9 1 4 4 3 1 3 5
18 11 -2 —4 -2 -3 -3 -2 =2 -3 =3 -2
22 5 ¥ 6 6 8 6 6 6 7 8 7

In Table 3 the results are collected of the analysis of the range changes for a' sounds
grouped according to-various techniques excitation. In the column “n,” a number is
given of the tone components limiting spectral range obtained at the onset of a tone
(0-20 ms). In the following columns, the changes of this number, recorded in the pro-
cess of the spectrum development and calculated with reference to the value of ny,
are given. The results are indicative of the fact, that the changes occur in all these
sounds and adopt various forms. In many instances these are oscillational changes.
Using staccato technique, for one of these sounds the spectral range was observed to
increase up to a certain maximum value and was subsequently, systematically decreas-
ing, with two other sounds the maximum range occured at the beginning of the spec-
trum, then also diminished. In the fourth sound, a stable pattern was maintained for
the first 140 ms, later the range maximum was reduced. In the presented group of
21 spectra, in five cases the oscillations did not exceed 3 dB, which can be under-
stood as a quasi-stabilization For 10 sounds these oscillations were larger. When us-
ing martele, detaché and legato techniques, the range and the forms of these changes
were diversified; the least changes took place in case of legato. With only 3 spectra,
a maximum of the range was recorded at the moment of impact of the bow on the
string.

Various factors, like for example, the forces pattern resulting at the contact point of
strings and a bow (this factor frequently quoted) [11], [12]. There is no doubt that the
design of instruments and material properties are of great importance [2], [10]. Evidently,
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apart from oscillations of the frequency [8], [9], the oscillation of the maximum range of
a spectrum often occur as a micro-structural feature of the violin sound.

b. Time and frequency distribution of formant maxima

Detailed analysis of the dynamic spectra, conducted with regard to the process of time
development of the formant pattern within a sound, allows to distinguish three kinds of
the formants: those distinctly stable which persist continuously, with perhaps only a single
break during the whole sound duration (Rs), those nearly continuous (with three very short
pauses, at most) (Rn) and the formants arising instantaneously at various frequencies (Rf).
The latter should be referred to as “flickering”.

In Figs. 2, 3 and 4, these three different sets of formants are exemplified. The first
shows the formants of a'/ A sound of various instruments (Fig. 2), the second set refers to
a' /A sound of Dankwart’s violin excited with varying bowing techniques (Fig. 3) and the
third — the sounds a' and e? excited with legato technique (Fig. 4). The solid line connect
formant’s maxima of the stable and the discontinuous formants, occurring in the relevant
timescale. In a few sounds, particularly in case of the techniques martele and legato,
deviations of the formants frequencies within the range of two neighbouring harmonics,
take place. It may result from a modification, during the sound generation, of the system
of forces exciting oscillations in the sound box of the instrument (repositioning of the
bow on the strings, for instance). Then, various parts of the resonant plates, of different
eigen-frequencies, become active. Their patterns depend on several factors, including
resonant wood structure and the shaping of an instrument. Numerous response functions
have been published by several authors, which evidence the possibilities of these factors to
have an effect on the generated sound [4]. The formant patterns in the spectra of various
instruments, are remarkably different. In all a'/A sound the lowest formant is present
continuously. The “flickering” formants preferably occur at the higher frequencies of the
particular sounds. They arise in great number when detaché or staccato techniques are
used (more than 17, in ¢ and a' sounds spectral). These observations are illustrated in
Fig. 5, comprising all the results of the analysis, of the whole set of the investigated sounds
spectra. This figure plots the maximum numbers of the formants presented during a sound
time-history, are grouped according to the bowing technique used in the experiment (Fig.
5). In the two groups of stable and discontinuous formants, the latter represented 19%
within the staccato technique group, 17% — detaché, 14% — martele, whereas in the
legato group, the discontinuous formants represented only 9%. In Fig. 6 the maximum
numbers of formants in the spectra of particular sounds are given as a function of the
maximum ranges of these spectra.

General trend of the dependence of the formants on the number of partial tones is
clearly drawn. The correlation coefficient calculated with Spearman’s ranking method is
0.79, which points to a high correlation between the spectral range and the number of
formants. It results, to some extent, from the fact, that the number of partials is always
of limited influence on the number of formants. For example, only three formants may
arise within six partials pattern. From the dispersion of the results, it becomes evident
that the number of harmonics is not the only factor decisive on the number of formants.

In Fig. 7, the overall range of the number of formants is presented together with the
respective spectral ranges, obtained in the durations of a' /A sound, with different bowing
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techniques. Only in the spectrum of one of these sounds, excited with martele technique
(#26), the number of formants oscillated between four and seven. In three spectra, of two
martele-sounds and of one staccato-sound, this change reached three and in five spectra,
two formants. These results indicate that, with detaché and legato bowing, the number
of formants within the sound forming period is more steady than in case of staccato or
martele.

c. Changes of intensity level of formant maxima in the duration time of sound

Table 4. Overall variations of amplitudes (AA) of R, and R,, formants of a sound in the time period 20
to 220 ms (N O — tone number, font ,,orator” denotes R, , ¥ oscillations of frequency,
*-N R larger than 16)

AA [dB]
Tech-
nique | Sound Maximum localisation
NO
E. 284 {468 51-£-6 - T80 0s 1S 11 FIR (13 614 F15haal
al/a-7 |3 — 10 8 — 16 15
-8 8— 7 3— 4
i 3 88—
m L2 |3 2 5 6 5 13 4* |
-35| 8— —10 3— 4
e2/E - 125 3 =1 11—
d3/E-13 7 —10
diD-101 3 4 7 8 3
al/A-11 |2 - 3 4—
-16 11 3 — 5—
1 =23 |2 6 3 —
-2 |0 5 4
e2D-113 1 2 2
-12 3 — 4
g2IG -5 11 14 — 4
al/A -3 |24 20
-14 11 16 21
s —d9°135 22
-21 17— 36 — — 8
efE-24 | 15— 8—
d3/E - 20 «—33
g/G -2 11 10 74 9
-29 5 4 —6 12*
-30 10 11 B 10*
al/A-17 | 4 7
=22:1:9 16
a8 qhe 11 8
d =301 8 5 10— —12
-3316 14 3 2
aliG-15| 7 12
al/D -4 4— 16—
-18 |10 7 10
eE -6 —11 14
-34 |6 7] 4 7
d*E-27 |3
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Table 4 comprises the amplitudes of formant maxima of Ry and R, type (in brackets)
and their positioning. The greatest variations in an overall formant pattern occur for the
staccato sounds; the smallest are the changes are observed for the legato sounds. Also, the
differentiation between particular sounds of each group is different. In case of staccato
excited sounds it is larger than those of the legato origin. Amplitude of the first formant
is the least variable, independent on the sound exciting process.

Table 5. Overall changes A of the partials NR with respect to a sound intensity level in 0 — 20 ms
time-segment of dynamic spectrum of a!/A sound of Dankwart’s violin (font “orator” denotes
formant maxima, ¢ — segmentation time — N O above 12)

AA [dB]
t [ms]
: NO

1 2 3 4 5 6 7 8 9| 10]| 11|12
a) Dal4
staccato
20-40 ) 2 0 Bode-1) | . od 0 9 £ 1% it
40-60 8 4 2 0 3| 10 3hal ol 43
60-80 10 4 24218 bete |n~d 2 9 1 u-hall =
80-100 10 4 3 s +Ein | &3 3 3 § 1 et
100-120 9 2 1 $ Bt o 1 B o] St 1SN il
120-140 7 ¢ b =2 $ Pt | a2 b 3t ] g ]
140-160 B 1=t 4{ -k 3. | <17 o ook 1wt et tad béptl 2
160-180 1 ) i bl Bl slttid g {1 <0 s }es-Inte)] ==
1h0-200°F 4 | =11 | =12 | =0 P35 |[= =1t | -8 | =15 | o= fs{] —
st <11 | 11 | <11 | =11 | <l Yot foS | -al] —
b) Dal7
detaché |
2040 0 g1 a3 P ot t-=0 | <if 0 0 gl % l—2
4060 B-F il ~3 8.1 5 10 | 2 | % T4
60-80 | -y 0 2 23 4 6 Cm 05 7 T
80-100 2 1 3 e 14 4 6 6l e Aol
100-120 2 2 0 2 2 13 1 4 si| -] o
120-140 3 T =2 2 2 15 1 4 ol ol o
140-160 3 3 3 4 1 g 5 £l S5
160-180 3 3| -3 9 4 19 0 6 Cofl o Y
180-200 4 4 0 H 5 =3 7 ricr 0
200-220 4 4 1 H 4 . 3 8 T

In Table 5a, b and 6a, b the typical changes of the time-amplitude structure of the
partials of a' sounds produced with various bowing techniques, are collected. All the
formant maxima are emphasized with “orator” font. Several discontinuities can be seen
in the time dependences of the maxima, e.g. #14 in Table 6a, #11 in Table 6b, #8 in Table
5a. The most stable formant patterns occur in “legato” group and the highest number of
“flickering” formants, of the largest amplitude changes, can be found in “detaché” group.
It does not rule out an existence of these patterns in other bowing techniques, but they

appear most characteristically in legato and detaché.
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Table 6. Changes of a intensity level AA of the partials N R with respect to the intensity level measured
in 0-20 ms segment, of the dynamic spectrum of a'/A sound of Dankwart’s violin (font “orator”
denotes the formant maxima, ¢ — segmentation time, — N O above 15)

AA [dB]
t [ms]
NO
t b2} 3l 6k T el olwlin]l2]izlel]is

a) Dall

legato

2040 | 1 |-1 TR P ES Y 1 o9 o T 4

ASeg ' TPrpoRi sigtlugi s Preseyoss v gapshir g igaphggrpogiig g

6080 oIl TP s P oo g rag iy the ghpagd iy Prg
go-100 | 1 0 i) 1T -l iddcnti «llslal 0ol al s
100-120 | 1 | =3 FAFF L a8 s g Pred™N Y. & 1) 4o b
120140 | 1 1 ¢ Ja iy 6 {0 ebeo B oo | o e b
140-160 | 2 | -1 g ot gty s or ey o fooche |0 o
160-180 | 2 | 2| 8|6 3 |[=s| 2| T| 6| 8] ol of oo/ o
180-200 | 2 | -1 R hal e ™ v B mre iR NI EE e ™
200220 | 2 | 3 741 s 2 i< i 8 st aipig | retlod foodod
b) Da8
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Some formants R, occur repeatedly on the same harmonic tones. One may expect, that
these frequencies coincide with the resonant maxima of an instrument. Activation of these
resonances, featured as the sound formants, depends on several conditions. Similarly to
the spectral range, the amplitudes of formant maxima undergo continuous transformations
in time. Only in few cases the formants change monotonically, following the same pattern
in the whole frequency range.

d. Time development of a complete formant structure

Table 7 contains the times of the formation of R, and R, formant patterns within
20 to 220 ms time segment. The data from the first segment 0-20 ms were disregarded,
because, as it frequently happens in this time span, a harmonic structure is not fully
developed yet and a strong noise component is present. A formant pattern is regarded
quasi-stable, when its maximum amplitudes change less than 5 dB; the time it takes to
reach such a state is accepted as the time of the quasi-stabilization.
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Table 7. Formation of R, and R,, formant patterns within 0~220 ms timescale,
(tp — initial time of a formant, t, A — time of amplitude
quasistabilization, n, A — unstable amplitude)

Tech- Sound tp [ms] t A
nique R, | R, [ [ms]
al/A =7 80 | 40 100

. 200 — | nsA

-9 ol 100

m -26 | 60 | 40 100
£ 85 bl {1 100

eYE-25 | 20 | 60 60
dE~13-4--20. | =< 80
D=1 d 20 T =% 80

dlA - 11 601 — 40

L 15 1~20 4+ 40

1 233 420 1= 60
elD-1 20 | 40 40

12 di 20 40

glG -5 20 | 40 | nsA

al/A -3 405 -4 80

- 14 20 40 nsA

s -19 20 — nsA
=0 209 =] kA

e2E-24 | 20 | 20 | nsA
d*E-20 | 40 | — | nsA

g/G -2 60 | — 120

-29 | 40 | 60 100

- 30 40 40 140

wifA=a7 120 ) 60

199 Had P 120

Lt 120 R 140

d -32 | 60 | 60 160
483 4 12008 = 120

al/G-15 | 40 | — | nsA

al/D -4 ag—j===—-meA

-18 |1 60°] =~ [ nsA

el/E -6 2070 il nsA

-34 | 40 | 60 180
&EE-27.1.200] — 40

The time of a formant creation R, for the sounds under investigation, vary between
20 and 60 ms, except for one sound (#7) generated with martele technique, where it
amounted to 80 ms and the sound #33, excited with detaché technique, where it was
120 ms. The non-stabilized formants developed during 40 to 60 ms, irrespectively of
the bowing technique. The quasi-stabilization of the complete formant pattern can be
attained within 40 ms. It only occurs with martele, legato and detaché techniques, but in
the latter case, the spectral structure of four tones was not stable within 220 ms time span.
Generally, the staccato sounds are not stable, as far as their amplitudes are concerned.

4. Conclusions

Results of the analysis of the dynamical spectra of 35 violin sounds, intoned with vari-
ous bowing techniques, indicate that during the attack stage and their transition into a
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quasi-steady state to (0 to 220 ms), the observed structures undergo various modifications.
These changes may be considerable and subsequently may influence the forms of tone per-
ception. The obtained results positively verify the approach taken by POLLARD who, refer-
ring to the microstructure of musical tones, includes the changes of such features as pitch
and loudness together with the effects of timbre in his definition of “microstructure” [16).

Following conclusions may be drawn:

L. Irrespective of the bowing technique used during the process of a violin sound for-
mation (attack), structural changes occur in spectral range and the formant structure. As
a rule, the harmonic structure is preceeded by as short period of anharmonicity. No cor-
relation was found between the changes in the spectral range and the changes in formant
structure.

2. Spectral range is an individual attribute of a signal. Namely, in the attack stage,
changes of this range assume various forces. When staccato is used, a two-step form
prevails: the spectral range increases very quickly, then gradually decreases. With other
techniques these changes are individually divergent. The legato features the least diver-
sified spectral ranges.

3. During the attack stage, separate formants undergo transformations, irrespective
of their positioning. These transformations do not sustain a unified form of the whole
arrangement within a sound. Formant maxima can be divided into three groups: stable,
discontinuous and fragmentary, according to their continuity in time. Irrespective of the
bowing technique, the first formant maximum is mostly continuous. Fragmentary maxima,
most frequently occur at the higher harmonics of a signal. In the sounds excited with the
technique detaché, these maxima are observed more often than with the other bowing
techniques.

Positioning of the stable and/or discontinuous formant maxima on frequency scale, of-
ten (approx. 30%) undergoes deviations within two neighbouring harmonics. In the stage
of the development of a signal pattern the number of formant maxima oscillates. This fea-
tures is more frequent with staccato and martele techniques than with detaché and legato.

4. Amplitudes of formant maxima of all the sounds of violin, pass through numerous
and diversified changes, of which the oscillatory changes occur most often. The variability
of these maxima is most pronounced with staccato, and the smallest for legato technique.

5. Generally, the time of a formation of an individual formant does not exceed 60 ms,
sporadically the upper limits reach higher values. With the three techniques: detaché,
legato and martele, a quasi-stabilization of the whole formant pattern may already be
reached after 40 ms. However, in the group of the investigated signals, the upper limit
was 80 ms and 100 ms, for the legato and martele techniques, correspondingly. These
times are longer than the time of initial transients (51 ms), chosen by MCINTYRE and
WOODHOUSE in their attempt to simulate the martele-signals [3], in case of the detaché
technique, the time required for the formant structure of separate sounds to reach quasi-
stabilisation is individually, very diversified. CRAMER suggests, that initial transients in the
case of legato are longer than with martele technique [3]. It may however, refer only to
the process of a signal amplitude formation. When the structure formation is concerned,
the obtained results of analyses indicate that the stabilization in the legato technique lasts
shorter as compared to martele technique.

6. The above arguments point to an individual character exhibited by the ensemble of
structural changes of a violin sounds intoned by the same technique, irrespective of which
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technique is used. It is related to an simultaneous effect of various factors on the process
of a signal formation. They are more numerous in the natural, bow excited sounds than
in the acoustic characteristics of an instrument obtained with laboratory methods, since
they also contain contributions due to “the violinist’s menagerie”, the term refered to by
MCINTYRE and WOODHOUSE [11].

The obtained results elucidate the problem of the internal changes occuring in the spec-
tral structure of natural sounds of a violin. They should be regarded as a guiding rule to
further the studies of this domain of the microstructure of sounds of stringed instruments.

Acknowledgements

The authors wish to thank Prof. dr W. KAMINSKI for lending the instruments from the
collection of the Museum of Musical Instruments in Poznan and for his kind permission to
use the location. Both Dr A. KRUPA and Eng. A. LAPA are acknowledged for their assis-
tence with the recordings. The logistics of the recordings was secured by mgr A. GEWERTH.

This work was supported by a grant CPBP 02.03/7.10 1990

References

[1] G. CALDERSMITH, The violin quality debate: subjective and objective parameters, Journ. of the CAS, 43,
6-12 (1985).
[2] G. CALDERSMITH, Vibration theory and wood properties, Journ. of CAS, 42, 4-11 (1984).
[3] L. CRAMER, Consideration of the duration of transients in bowed instuments, CAS NL.38, 1, 13-18 (1982).
[4] W. FLETCHER, Transient responses and the musical characteristics of bowed-strings instruments, CAS NL.34,
8-14 (1980).
[5] H. HARAIDA, Changes in amplitude of violin sounds in a Concert Hall, the CAS NL.33, 1, 13-17 (1980).
[6] H. HARAIDA, Der Einfluss mancher Veriinderungen in der Struktur der Klinge nach dem Muster der Simulier-
ten Geigenklinge auf die Verinderungen des Gehdreindrucks, ISMA Mittenwald, 139 (Journ. preprint)
(1989).
[71 H. HARAIDA, W. MIKIEL, Audibility of changes in spectral structure of saw-tooth stimuli, Arch. of Acoustics,
16, 34 (1991).
[8] H. HARAIDA, Structure detaillée de la composante fondamentale de sons du violon, Proc. of the 9th Conf.
on Acoustics, Budapest 165-170 (1988).
[91 H. HARAIDA, Application of intonoscope method in research on detailed structure of instrumental musical
sounds, Proc. the 28th Acoustic Conf. Strbske Pleso, Proc. 278-281 (1989).
[10] C.M. HutcHINSON, Effect of an air-body coupling on the tone and playing qualities of violins, Journ. of the
CAS, 44, 12-15 (1985). :
[11] M.E. MCINTYRE, J. WOODHOUSE, A parameltric study of the bowed string, Journ. of CAS, 42, 18-21 (1984).
[12] B.O. LAWERGREN, A new and rediscovered type of motion of the bowed violin string or new bowing position
effects the shape and the sound of the string, CAS NL. 30, 8-13 (1978).
[13] K. MARASEK, D. MADEJ, Signal analysis program, Split Cop. (1988).
[14] K. MARASEK, D. MADEI, Microcomputer system of the acoustic signals processing, especially, of the speech
sound (in Polish), Proc. of OSA 35 Warszawa, 136-141 (1988).
[15] B.C.J. MooORE, B.R. GLASBERG, R.W. PETERS, Relative dominance of individual partials in determining the
pitch of complex tones, J. Acoust. Soc. Am., 77, 5, 1853-1860 (1985).
[16] = H.F. POLLARD, Perception and specification of musical sounds, CAS NL, 17, 11-14 (1981).
[17]  Reports of CPBP 02.03/7.10 [ed] H. Harajda (in Polish), WSP Zielona Géra 1989, 1990.
[18] R. SACKSSTEDER, How well do we understand Helmholiz resonance, Journ. of the CAS, 48, 27-28 (1987).
[19] VOLYZER, User manual (in Polish), PPUH MAST Poznari (1990).

Received on November 19, 1990; English version June 8, 1992



