Chapter 3 .
Tonal Characteristics of Musical Instruments

3.1 Brass Instruments

3.1.1 The French Horn

3.1.1.1 Sound Spectra

It is typical for brass instruments to exhibit spectra which can be divided into two
groups. In the upper register the fundamental is strongest, while for the lower
positions a formant-like maximum is present. As noted in the chromatic represen-
tation in Fig. 2.4, the fundamental dominates from C4 on upward in French Horns,
while higher partials decrease in amplitude rather steadily. Below C, the maximum
18 initially relocated to the octave partial and then maintains its frequency position,
s that in the lowest registers the 4th and 5th partials receive most of the energy. As
aresult, the main formant, typical for the French Horn, develops, which is located
at approximately 340 Hz (Meyer, 1967b). It falls into the region of the vowel color
“u(00)” which is responsible for the round and sonorous sound of the Horn.
Below this maximum, the amplitude for the low registers drops rapidly with a
Ope of 12 dB/Octave. The lowest frequency possible corresponds to the note B,
Wwith approximately 62 Hz. The fundamental is roughly 25 dB weaker here than the
S"Ong.St partial. This shows that the low frequencies only play a subordinate role in
determming the tone quality of the Horn. Above the maximum, the amplitudes also
f€ase, however, there are several additional formants present which influence
:;e lorllal picture. Their frequency locations are represented schematically in
hogr;n -T-hBelow the Vow.els are the results for the commonly used German double
anc‘li € already mentioned main formant at 340 Hz is followed by the first
tary formant at 750 Hz, also in the range of the vowel color “a (ah),” and
350§eron;lapts n§ar 1,225 Hz, 2,000 Hz, and also (using the F-Horn) still near
i ch; his series of ancillary formants brightens the overall Ionfa, SO thgt the
- acter. is noF a§ Qark as for a sung or spgken “u (00).” In thls,.the higher
- a foznpamals ga1~n In importance with increasing overall volume, while only the
ants contribute while playing softly.
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Fig. 3.1 Schematic representation of formant position for various horns

The intensity of the lower partials, and thus the fundamental tonal char
istics, however, also depend on performance techniques: When the mouthpié
pressed relatively firmly against the lips, their vibrating portion is more cl
delineated, so that strong lip vibrations are possible without time dependent
gularities. Furthermore, instrument resonances are not damped as much
case for a low pressure contact. Consequently, for firm pressure, a fuller
produced, which carries better. In contrast the advantage of a low pressure a
lies in greater ease of playing in the upper register, which, however, is purch
with a thinner timbre lacking somewhat in substance. This also constituté
typical difference between the European and American “schools” of brass pe
mance technique. : )

The frequency range of the spectra extends upward to 1,500 Hz for the I
register at a dynamic level of mf. It increases to about 5,000 Hz for the 1
notes. The overtone content of the F-Horn is somewhat larger than for the B" s
thus the F-Horn has a somewhat more pronounced tone color, particulaﬂf
mid range. The valves also influence the higher frequency partials slightly:
fingerings with several valves the overtone content decreases so that the sound:

Jorte.
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prilliance and becomes dull. As a result the player receives opportunities for tonal
variations in addition to intonatior.l corrections. . .

Noise contributions are especially weak for brass instruments, so that their
influence on the sound picture of the horn is negligible. Only in the lowest octave
of the tonal range could minor noise components, up to approximately 3,000 Hz, be
noticed above the partials. This can be described as a hissing with an “i(ee)” like
tone color in relation to the corresponding formant.

3.1.1.2 Dynamics

The strong dependence of overtone content on dynamics in the upper register of the
homn has already been mentioned in the previous chapter (see Fig. 2.7) as an
example for the note f;. As a generalization, the power spectra can be described
in terms of a level difference of the order of 10 dB for ff and 50 dB for pp when
comparing the strongest partial with the 3,000 Hz component. For high frequencies
a level drop of only 5 dB/octave for ff, and 15 dB/octave for pp is associated with
this. Furthermore, the influence on the timbre connected with this effect is enhanced
by the shift of the main formant toward higher frequencies with increasing loud-
ness, thus brightening the main tone color from “u(00)” for pp and mfto “o(oh)” or
possibly “a(aw).”

In the low register as well, a similar influence of loudness on tone color is noted.
Thus in the second octave, the power spectra show a level difference of 20 dB for ff
and 50 dB for pp between the main formants and 3,000 Hz, which is associated with
a level drop at high frequencies of 11 dB for Jf and 15 dB for pp. However, by
reason of the narrower partial positioning, there is still a group of approximately
8-10 harmonics present. The amplitude differences between the respectively stron-
gest partial for ff and pp lie at roughly 20 dB. They are thus slightly larger than at
!llgher registers. In addition, a shift of the dynamic dependent amplitude maximum
18 also noted in the low register. For increasing loudness the vowel color brightens,
though this effect is not as pronounced as in higher registers. The dynamic and
mOdUI.ation possibility of the natural horn sound thus rests both on a change in tone
color in the region of the lower partials and on the possibility of large amplitude
changes for the higher frequency sound contributions.

ror rapidly performed scales, the horn reaches power levels of 107 dB for f,

e for pp 86 dB are produced. For individual notes, the lowest values of 65 dB
z:’z::z:led. These, as well as the upper limits of playable dynamics are shifted over
117 4B Cfange of 'the 1nsFrument toward greater loudness, whe‘re, for a high range ff,
- 35‘40€;tgmly is poss1b.le. On the whole, a practically realizable dynamic range
e . can be considered as typical for the horn. However, for the highest

genuine pp can hardly be expected. (Meyer, 1990).
:g:ng POWef level of 102 dB can be given as a characteristic value for the
change atn3.0P(I)‘(})le lnﬂue_nc,je of dynamics on tone color expresses itself as a level
000 Hz. This increase ranges from 1.5 dB in the low register, to 3 dB in

hi .
igher feglons — accompanied by a simultaneous change in the level of the
Strongest Partials by | 4B,
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3.1.1.3 Time Structure

The initial transient for a tongued tone of a horn is characterized by a short
cursor impulse, well known from other brass instruments (see Fig. 3 "‘»
duration of this impulse, which contains primarily harmonic partials be],
Hz, lies in the order of 20 ms. It begins, depending on sharpness of attack, bet
10 and 30 ms after beginning to excite vibrations (Melka, 1970). Several
impulses can follow, which gives the onset of the tone a character of a rolle
which naturally is esthetically undesirable. As the attack is softened, the pre-g;
impulse diminishes in importance in the tonal picture. An excessively strong
cursor impulse with slow development of the fundamental, on the other |
generates the notorious “blare.” 44

The duration of the starting transient for tongued tones is shortest in the m
and high register, above F; it amounts to approximately 30-40 ms, in the
registers it rises to values between 40 and 80 ms. (Melka, 1970). These value
confirmed for tongued notes in the sonograms of Fig. 7.26, which will re
closer attention in the context of room acoustical effects. For soft attacks, the i
transient can last longer than 1/10 s, which does not include conside: .-,;
dynamic development for long notes. B

Inasmuch as the air column in the instrument is capable of storing only ¢
amounts of energy, the decay time of brass instrument notes is relatively s
Even the energy stored in the wall vibrations does not increase the decay
significantly. The horn typically has decay times around 150 ms. L

When going from one note to another it is important to note whether the trz
is accomplished by the lips or a valve. In the former case a continuous equ
transition is observed which serves to smooth out the connection, while the ac
tion of the valve leads to a sudden frequency change in the resonator and a bi e
the vibrations. This makes the transition harder or more pronounced (see Fig.
that either technique has tonal advantages depending on the musical context. T
lip transitions are naturally only possible for certain tone sequences, furtherm
valve connections provide the player with an increased sense of security ‘""
attack. A typical example for this is the triad motif in the large E major v
Leonore in the first act of the Opera “Fidelio.” This passage was originally wr
for natural horns, nowadays it is, however, mostly performed with valve trans t

The impact of using a vibrato in horn playing is largely determined by Sty
considerations. When a vibrato is played, it appears mostly through *ifﬂ
modulation of higher partials of like phase, that is, through a pulsating |
color modulation, as shown in Fig. 3.6 for the lip vibrato of a trombo
depth of modulation can reach approximately 10 dB for the higher frequenc
thus contributes to the ability to notice the horn in an ensemble. 3

3.1.1.4  Special Playing Techniques

Normally the right hand of the player lies only loosely in the bell of the:
causing a certain damping of the higher partials. The possibility of using the
close the bore almost entirely has been developed as a special effect to cha
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Fig. 3.2 Tonal Spectra of a Horn for the note F,

tonal character in a fundamental way. This is particularly pronounced in playing
forte; thus, a “stopped sforzato” is often indicated, the tonal effect of which is
“metallic brittle and rough™ (Kunitz, 1961). A typical example for this is the final
chord in the Beckmesser-motif of the “Meistersinger” (score example 3).

As shown in the analyses of Fig. 3.2, the stopped sound lacks several essential
components, while others are strongly developed. The gap from the 3rd to the
Sth partials is noticeable, which covers the region of the a(ah)-formant, causing
the pressed tone, lacking in strength. On the other hand, the metallic timbre is
strongly emphasized by the maximum at 3,000 Hz and the strong partials above
10,000 Hz.

A comparison of stopped tones at different pitches shows that these frequency
locations for the typical maxima and minima are always maintained. As a result, the

= sound of a stopped horn becomes even less substantive in the upper registers.
However, for a mezzoforte, stopped tones keep their strongest sound components in
Fhe usual location. Yet even here, a weakening in the region of the a-formant and an
MNcrease around 3,000 Hz leads to a tonal change in the direction of a metallic
timbre,

A different tonal effect is caused by playing the horn with upward pointing bell
and without a damping hand. The best known examples for this are found in the
sympbonies of G. Mahler. However, intonation suffers slightly with this playing
technique, furthermore, the tone becomes hard and “coarse” as a result of the
Skonger contributions of the higher frequency components in the stationary and

1Nt part of the sound. For these reason the technique is avoided by many
Players ang conductors (Kunitz, 1961).

3.L1s Horns of Special Design

Il.lstt,he Yienﬂa Philharmonic, even today, pure F-Horns are played. They are
"Nguished from the German double horn by their narrow bore, the so-called
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“Vienna valves” (Stechbiichsen-Ventile) and a particularly shallow cone 1

mouth piece. This design does maintain the position of the main formant n
Hz, that is, in the range of the vowel color “u(00),” as seen in Fig. 3.1. Howev
number and positions of secondary formants is noteworthy. This is the only g
of horns which shows five secondary partials, where the first two are located i
vowel range “a(ah)” and “a(aw).” This double a(ah)-formant give a parti
strength to the sound and effects a song-like character: in its spectral distributit
is also reminiscent of the violins of Guarneri del Gest (Lottermoser and Me
1962b), famous for their rich and powerful sound. The two following sec
formants are positioned slightly higher than in the German Horn, however, thel
components in the Vienna school are damped slightly more using the hand, s0.
the sound in spite of its fullness displays a certain softness. L
For valved note transitions, noticeable differences between the Vienna Hoi !
the German double horn also occur, as shown in Fig. 3.3. The rotary valve
double horn provides several paths for the air stream, so that short d
turbulences occur. These are noted as crack-like transition noise, as reco, i

the three-dimensional spectrum (Windholm and Sonneck, 1988). In contrast,

note transition with a pump valve progresses more smoothly; i.e., the Vienna £
has the advantage of a softer transition and a better legato, where the advan
the German Horn can be seen in the better articulated transition and the
staccato.
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:'g- 33 T.ime development of a tone spectrum for a connected tone transition, represented for two
oms of different construction (after Widholm and Sonneck, 1988)

Out of the tradition of horn virtuosity common in France, a double horn was

deVeloped, in use there today, which is distinguished by its siender tone and ease
of attack. High intensities for upper frequencies create a relatively bright tonal
r:ca@Cter, Somewhat reminiscent of a hunting horn. A change in the frequency

€ation of the formants in comparison to other horns has a similar effect. The

Principal maximym is moved approximately to the boundary between the “u(00)”

bridh 0(0h)” regjons, causing the basic vowel-like characteristic to become
“a(gal:)el’-’. Two strong secondary formants are located in the region of the vowel

and also in the region of nasal components. It is precisely these strong
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tone contributions around 1,500 Hz which form a particular characteristic
typically French timbre. They also appear in bassoons in similar fashion. A fig
secondary formant in the frequency region of the vowel “e(eh)” brightens the 7
of the French horn additionally. -
Horns with high tuning are occasionally used, because they allow ce ,
attack for high passages with greater reliability. However, this advantage is
chased with a reduction in tonal quality. For example, in a horn in high F, partial
the mid-register only reach up to 2,500 Hz, while in a normal F — horn th
present up to 4,000 Hz for the same notes at the same loudness. Connected with |
is the lack of secondary formants, as clearly represented in Fig. 3.1. It is especi;
this circumstance which contributes significantly to the lack of color in the char
ter of high F-horns, which can be described as dull and blunt. Only from Cs on
can the high F-horn be considered to be equivalent in tone to the lower inst nf
so that it appears, its use can only be justified for high passages. :

3.1.1.6 Historic Horns

Double horns of today’s standard design have been available since approximat
1900, when the development of valves around 1835 made it possible to constr
chromatic instruments. The typical horn of the period from about 1755 to 1845,
the other hand, was the so called “inventions” or natural horn, for which the un;
of the natural tone series was adjusted by inserting different lengths of ;
crooks. This instrument was blown with the right hand in the mouth of the _
as are today’s horns, however it had a brighter tonal character. i

The formant locations for an instrument from the beginning of the nine
century are shown in Fig. 3.1 as an example of a natural horn. The relatively hi
location of the main formant is particularly noticeable: For an F-tuning it is lo w,
at approximately 480 Hz, and moves to about 525 Hz for tuning in G. Additiona
it should be noted that it is lowered to about 425 Hz for tuning in E°. This m 2
that these horns correspond to a brighter or darker “o(oh)” in their basic tone €@
in contrast to an “u(00)” for today’s horns. The secondary formants of the n:
horn also lie relatively high, and the nasal components are more prominent.
whole, the overtone content is greater than in current horns, at mjf the harmo
content of the vibrations of the lower natural tones reaches up to 3,000 Hz,
above 5,000 Hz for the upper registers, where the notes are richer in overto
content for the longer horn, i.e., for the lower tuning. However, the differen
tonal characteristics for different tunings are not as pronounced as the contrast :
today’s horn. With respect to the tonal brilliance and the richness of the ton
picture, the natural horns in view of their timbre are not as far removed fro s
trumpet as today’s instruments, nevertheless, the typical horn character is basicas
preserved. "

The horn playing technique as employed in Baroque times with the corming
caccia can best be compared with today’s French trompe de chasse, which 1S
blown without the damping hand in the bell mouth. Because of this techniqués
tone rich in overtones is produced; the spectrum extends almost up to 10,000 Hz g

¥
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intermediate intensities, and even for piano it contains partials up to approximately
4,000 Hz. The main formant lies in the region of the vowel sound “o(oh)” — much
like in the natural horn, the secondary formants also show frequency locations
which compare to the natural horn. Since noise components are relatively strong for
higher frequency tone contributions, the open hunting horns give a rough and
distinct metallic impression. As a result of the richness in overtones, the trompe
de chasse is brighter in timbre than the natural horn, so that it comes close to the
trumpet, and particularly the bass trumpet.

3.1.2 The Trumpet

3.1.2.1 Sound Spectra

Among the instruments of the orchestra, the trumpet is one of the richest in
harmonics. Already for a mezzoforte the harmonic tone contributions of the low
and middle regions of the tonal range extend above 5,000 Hz. In the upper regions,
the boundary of the spectrum is pushed to approximately 8,000 Hz (Miihle, 1965).
This results in a radiant and brilliant tone, with the further characteristic, that the
region of strongest partials lies in a relatively high frequency range. However,
below this maximum, the spectrum drops at the relatively flat rate of 6 dB/octave.
For today’s standard B® trumpet the playing range begins with an E; (165 Hz)
neglecting rarely used pedal tones. The main formant of the sound spectrum is
located at about 1,200 Hz and is pushed up to about 1,500 Hz in the fifth octave. As
noted in Fig. 3.4, this means an emphasis on the vowel “a(ah)™ for the largest part
of Fhe range, responsible for the strong tone of the instrument. For the higher
regions the nasal components become more apparent, without, however, removing
the.Sparkle from the tone. In this, especially the secondary formants in the vowel
fegions “e(eh)” and “i(ee)” play an important role in the brightening of the sound.
€ prominence of these two groups of partials prevents an extreme sharpness
Which could arise from a tone so rich in overtones in the absence of formants.

: The light and brilliant tonal effect is roughly uniform over the entire tonal range
since the fundamental does not dominate the trumpet sound even while playing
mezzoforte, except for the highest notes. The brilliance of the timbre is furthermore
_S“PP‘)m?d by the fact that the noise contributions are very weak, so that hearing
'Mpressions are hardly influenced at all.

3122 Dynamics

With i . . .
th 'ncreasing loudness, the overtone content increases dramatically, so that for ff,

z(t’::cgsltlltlle‘it:utions to the threshold of hear.ing are present. Under these circum-
other hang furr}l]pet becomes the orche'cstral instrument nches.t in ovenoges: On the
T of’ :]r; the low.er loudness regions the §pectrum of high .notes, similarly to

e horn, is reduced to a few partials, so that the timbre can become

Softer for example than that of the oboe.
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Fig. 3.4 Schematic representation of formant location for various brass instruments

In the power spectra, the 3,000 Hz level at Jf'lies by only 12 dB below the lew:
the strongest component, for pp, however, by around 40—50 dB. While the spe
for ffin the low register drop at 11-16 dB/octave by about 2,500 Hz, for pp this
for the low notes already occurs around 1,600 Hz and for the higher notes
2,000 Hz, and can reach a slope of 25-30 dB/octave, and for the highest notes
50 dB/octave. The directional dependence of the sound radiation, however, 1S
very important for the tonal effectiveness of the high frequency contributions. |
can lead to a significant intensity increase in the axial direction, when compar
the sound power levels averaged over all directions (see Sect. 4.2.1).

The dynamic range for rapidly played note sequences is characterized by a
pressure level of 89 dB for pp and 104 dB for Jff- For single notes the pp level
dropped to as low as 78 dB in the low range and raised to 111 dB for high note
From this, a practical dynamic range of from 25 to 30 dB is obtained. The I
notes of the trumpet, however, lend themselves to less dynamic variation,
results from the relatively loud pp with a sound pressure level of 100 dB.

3.1 Brass Instruments 55

~ Alevel of 101 dB should be considered as a typical value for the sound pressure
Jevel of a trumpet at forte. The influence of dynamics on tone color is particularly
extreme for the trumpet: For a variation of the strongest partials by 1 dB, the 3,000
Hz components of the low register change by 2.2 dB, while for the high notes, this
results in a change by more than 4.5 dB (Meyer, 1990).

3.1.2.3 Time Structure

The initial sound of tongued notes is marked by an extraordinary incisiveness in a
trumpet. Relevant for this is not only the comparatively short initial transient before
the steady state is achieved, but also a very strong preliminary impulse. The initial
transient for tongued notes in the fourth octave is accepted as from 25 to 30 ms. For
higher frequencies this is shortened to values of below 20 ms (Luce and Clark,
1965; Melka, 1970). A first sharp peak in the amplitude representation appears,
however, after 1015 ms, depending on the sharpness of the attack. This prelimi-
nary impulse has a duration of only 5 ms in the trumpet, it is thus shorter than in the
homn. It is already suggested in the amplitude development of the fundamental and
the octave partial. The maximum amplitude occurs between 2,000 and 3,000 Hz,
yeteven for still higher components the pre-cursor impulse shows a higher intensity
than the subsequent steady state. Accordingly, the precision of a trumpet staccato, is
particularly achieved by the high frequency contributions. Even though the attack
contains relatively few noise components, the attack can cause a crack-like impres-
sion by reason of the extremely rapid amplitude development in the pre-cursor
impulse.
j With a soft attack the trumpet tone develops very slowly. In the low register the
mitial transient can last for nearly 180 ms, in the middle register this is shortened
°Fl)' insignificantly to 150 ms (Melka, 1970). Only for very high tones is the
difference between the duration of the initial transient for sharp and soft attacks
10 longer as large, and even a softly attacked tone develops within 40 ms, however
preliminary impulse is not as strong as for a staccato. Therefore, a tonal

character which, on the whole, is soft, can be achieved in spite of the high overtone
content.

3124 Mutes

:5': of a mute with the trumpet leads to a modification of the spectrum, this refers to
™ Overtone content in general, as well as to the relocation of formant regions
sit;’;:;;nltgfﬁ?. The so-called normal (conical) mute strongly diminishes the inten-
which i, SO§ undamental up to above 1,500 Hz. As a resulF, the “a(?h)” fomant,
!mportant for the open sound and for the tonality associated with the
substanental, i§ mﬁssing frpm the.tonal pictgre. Accordingly, the timb.re loses
€€ and it gives the impression of lacking strength. At the same time, the
contributions gain in importance, so that the muted trumpet sounds somewhat
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squeaky. In addition, an increase in intensity above 4,000 Hz adds to the me
character of the tone. A typical example for the use of this tonal effect is gjyy
the excerpt from “Pictures at an Exhibition” orchestrated by M. Ravel, as shoy
the score example 4. The color of the muted trumpet represents the verbosity. {
imploring Jew Schmyle in conversation with the self-confident Goldenberg_,

In contrast, the high frequency contributions are strongly reduced by the ug
cup mute, so that above 2,500 Hz, practically no partials appear (with the exce
of notes in the highest playing register). Inasmuch as the intensity reductig
already effective from 1,000 Hz on, the formant is moved, depending om"
height, into the region of the vowel color “o(oh)” to “a(aw)” so that the tor
relatively round and without sparkle. The fast and precise initial transients, typ
for a trumpet, however, remain essentially intact. &

The so-called Wah-Wah mute finally makes it possible to influence
frequency location of its Helmholtz resonance by changing its position in the:
mouth. This causes time-dependent tuning shifts which are sensed as tone ¢
transitions or flowing tone colors.

3.1.2.5 Trumpets in Other Keys

Inasmuch as composers in the classical era could only write their trumpet par
natural instruments without valves, their works call for many different key tr
pets. In today’s orchestra trumpets with tuning other than B” (with valves) are!
only in special situations, and then particularly for very high parts, as f
frequently occur, above all, in Baroque music.

The D trumpet, which in its tuning is located a major third above the normal
trumpet, shows in its tone picture a corresponding shift in its formant regiol
higher frequencies (Miihle, 1965). As recognized from Fig. 3.4, already for
largest portion of the tonal range the main formant moves to a position around ',: .
Hz, i.e., into the region of the nasal tone colors. As a result, the timbre I
strength, and shows an otherwise thinner effect. This tonal impression is fu
emphasized by the fact that the higher tone contributions, roughly above 2,500
are stronger than in the B® trumpet. True, the difference in the fourth octave, on
average amounts to only to 2 dB, however, in the mid and upper registers it 1i
more than 5 dB. 3

The high B® trumpet, which is also used occasionally for high Baroque pa
longer has a pronounced main formant, its highest intensity lies at around 900
2,000 Hz. Between these, we find a dip in the nasal region. All of this give! 1
instrument an open clear tone, and also, undoubtedly because of its high .
location, it guarantees a certain security in the attack. Furthermore, inasmuch
intensity between 3,000 and 5,000 Hz falls by about 20 dB below that of the non
B trumpet (for the same total loudness), and also a secondary formant
around 5,700 Hz, a radiant, bright tone picture is the result, without the h2
which for the normal B® trumpet is often unavoidable at that high register.

3.1 Brass Instruments
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Score example 4 M. P. Moussorgsky, Pictures at an Exhibition, “Samuel Goldenberg and Schmyle” trumpet part measure 9 ff. (in the orchestration by

M. Ravel)
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3.1.2.6 The Clarino

The Clarino is a valveless brass instrument, built as a reconstruction of a B '
instrument, which in its outward appearance is reminiscent of a natural h I
basic key of D is located a sixth below the normal B trumpet, so that the g
playing region is situated in the region of high order natural tones. The clari !
two overblowing holes, which are intended to increase intonation certainty for
notes. ;

In the low register the tone is characterized by a formant between 1,0 0:
1,200 Hz. This is in the region of the vowel color “a(ah),” and also somewhat b
the B® trumpet (Miihle, 1965). From the fifth octave upward the spectral struct
dominated by the fundamental.

When comparing tones of the same total level, the overtone content ?
Clarino (which also has a secondary formant at around 3,500 Hz) is stronger
in the Trumpet because of its greater instrument length (Miiller, 1971). How
the individual dynamic steps of the clarino, looking at the intensity, are signif ci
lower than for the B® trumpet. The difference for those tones played with
overblowing holes closed amounts to approximately 10 dB; upon opening
overblowing holes the sound level again drops by about 5 dB. In conseq ue
the absolute forte of the trumpet is richer in overtones, when compared to
Clarino, after all. The overall result is a bright, yet soft tone color for the Cla
which is not as brilliant as that for the trumpet. The initial transient of the Clari

somewhat longer than for the trumpet, which further supports the soft t
characteristic. :

3.1.3 The Trombone

3.1.3.1 Sound Spectra

The tonal range of the tenor trombone extends to E; on the low end, so hat
spectral range of this instrument begins at 41 Hz when pedal tones are inclt
Similarly to the trumpet, for the mezzoforte tones of the trombone, the fundame
in the spectrum dominates only in a few cases, rather, the spectra drop belff
maximum at a rate of 10 dB/octave for the pedaltones, and 5 dB/octave 6
others. The frequency region of highest partial intensity is found in the area 08
Hz, as shown schematically in Fig. 3.4. This formant location corresponds
vowel “o(oh),” however, it is more pitch dependent than in the trumpet.
the maximum for low registers is found at 480 Hz, suggesting a clear “o(oh)”

the upper registers the main formant is shifted to 600 Hz, i.e., to a tran
tone color between “o(oh)” and “&(aw).” The sonorous fullness of tone
low register is transformed into an open, forceful timbre at the high end. HoweV
needs to be pointed out that the formants of the trombone (with a loga
decrement of 2.1) are not as sharply defined as those of the bassoon for €x
which for that reason comes significantly closer to the character of a sung Vo'
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i ant, the overtone intensity decreases only relatively slowly.

-t Itriliiz f:(:j:aral secondary formants develop. The first one of these
At th.e Samearticularly to the strength of the striking timbre by emphasizing the
cmmb‘m:;spin the “a(ah)” region. Additional weak maxima in the nasal region, as
w‘]!;[:ni; the brightening regions of the vowels “e(eh)” and “i(ee)” complete the
x;e picture. Furthermore, individual timbre differences can be caused by the
instrument itself (bore and bell mouth width), by the playe.r, apd by the mouth
piece, and this apparently in the order mentioned with decreasing importance (Pratt

and Bowsher, 1978).

3.1.3.2 Dynamics

At ff the trombone develops a sound extraordinarily rich in overtongs, where the
3,000 Hz components are only 5-10 dB below the strongest partials. For an
extremely strong attack, this can certainly fall into the region of the second formant.
For high frequencies the sound power spectrum drops at a rate of only 3-6
dBfoctave. Since the partials in the spectrum are very closely spaced by reason of
the instrument’s low pitch, a noise-like impression can be caused by the high
overtone density at high frequencies. This is perceived as a metallic tone. At low
loudness levels only a limited number of partials appear. When compared with the
low registers of the horn, this can still be considered as an ample spectrum. Thus the
sound power level at around 3,000 Hz lies at about 50 dB below the main formant
and furthermore drops by 20-30 dB/octave. The pp-tone of the trombone is
therefore not very soft, nor is it possible to reduce the overall loudness as much
as for a horn.

An excessive weakening of the overtones causes the trombone sound to become
dull and lacking in outline. In the low loudness range, therefore, those instruments
will sound best, which by reason of a narrow bore are relatively rich in overtones.
However, these instruments will then sound hard in ff and will not develop a
desirable carrying ability. A strong and sonorous f-sound is better obtained with
larger bore instruments, which, on the other hand, sound less convincing at
P (Wogram, 1979). This means that the tonal esthetics require less pronounced
Spectral differences between fand p than are usually generated by a trombone.

For rapid note sequences one can count on a sound power level of 89 dB at pp
and 105 dB 4t [f. In the low register individual notes can be reduced down to 73 dB,
fnotes in the upper register can reach 113 dB. The dynamic range accessible to the
Performer inclydes 30-35 dB. The median sound power level for a forte lies at 101

dB. .The 3,000 Hz components vary by 2.1-2.9 dB for a 1 dB shift of the strongest
Patials (Meyer, 1990

3133 Time Structure

In conirag; 1, trumpet, the onset of the tone in a trombone is primarily character-
12ed by the short time span required to reach the final amplitude, rather than by the
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sharpness of the preliminary pulse, even for tongued notes. In the low regisg
starting transient for tongued notes is about 40 ms, in the upper registers |
reduced to as little as 20 ms (Luce and Clark, 1965; Melka, 1970). Interest
trombones reach the steady state in the region of the fourth octave somewh
than trumpets. Naturally, for a soft attack the duration of the starting trz
increased; however, with times around 70 ms, the trombone reaches the ste
significantly faster than the trumpet or the horn. For these two inst
performer obviously has more flexibility to shape the attack than for the tro
Figure 3.5 represents two typical pictures for the initial transient behavior ¢
trombone. In these pictures the amplitude development in the upper represent
is to be considered as the normal case, thus as the esthetically more
attack, while the lower picture represents a poorly attacked tone with an excess;
strong preliminary impulse. It is clearly noticeable that the amplitude ;
decreases significantly before the tone finally is developed.
While these pre-cursor tones are frequently pointed out in the literatu
characteristic of all brass instruments, it must be noted in contrast, that at
for the lower instruments good players always strive to achieve good tone devi
ment. An excessively strong pre-cursor gives a hardness to the trombone §

Combined sound

355-710 Hz

710 - 1400 Hz

. cooromasgeanp 1400 - 2800 Hz

Ry >

Combined sound

- 355-710 Hz

Time

Fig. 3.5 Octave filter oscillogram for initial transient processes in a trombone (played note:
top: good attack; bortom: poor attack
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which is mostly disturbing. This can even assume the character of crackl?ng.
Nevertheless it is interesting that residuals of a pre-cursor can also be foqnd ina
smooth attack. In the frequency region between. 710 and 1,400 Hz the Vlbfatlon
amplitude develops in two steps. The first phase displays about the same duration as
the pre-cursor in the lower picture. This shows an instrurpent-dependent tendency
for such a pre-cursor effect of roughly 25 ms duration. This corresponds to a round-
trip of the sound within the instrument. . . -

In the trombone, in contrast to the other brass instruments, the vibrato is not only
executed through the lips, but also through movement of the slide. The tonal effect
of these two performance techniques is juxtaposed in Fig. 3.6 for the .note Fs. Th.e
strong time variation of the upper frequency limit is particularly r}otlceable. Evi-
dently the tone color modulation dominates the frequency modulation. .

Typical for a pronounced lip vibrato is a vibrato width of about 10 cents; it
causes variations of about 3 dB in the lower partials, this increases to 9 dB at

Fig. 3.6 Time variations of a

sound spectrum for a trombone
vibrato (note F,) for different =0
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1,000 Hz and to roughly 15 dB at 3,000 Hz. All partials experience this am

deviation in phase. For a slide vibrato a width of +20 dB is not unusual, |
the associated amplitude modulation is less, it only reaches 10 dB at 2,500 Hz
for the slide vibrato, the tone color modulation is not as strong as for the lip 0
furthermore the pitch modulation is frequently implemented through a rela
slow vibrato (under 5 Hz.).

3.1.3.4 The Bass Trombone

For orchestral parts specifying bass trombone voices, usually instruments w
valves are used. These, in contrast to normal tenor trombones, have slightly
bore and sometimes also a somewhat larger bell. This causes the tone to char
the direction of a darker tone color. As example for a very marked bass
sound, Fig. 3.4 includes the formant locations for a slide trombone in F (
valves), which was especially developed for the low passages in Verdi ope
is therefore designated as “Cimbasso.”

As a comparison with the tenor trombone shows, all maxima are shifted
toward lower frequencies, however, the characteristic dense formant sequen
the trombone is maintained. The fundamental formant in the region of the v
color “u(0o)” provides the substance to the tone so necessary for a bass voi v,
actual strength, however, comes to the instrument from the double a(aw,
formant which is found in similar form in the Vienna F-horn. The repositionil
the first maximum to about 370 Hz in contrast to 520 Hz for the tenor trom
signifies a lower tuning by nearly a fourth, so that the pitch location and tone ¢
roughly correspond. 3

The trombone character of the Cimbasso-sound is evidenced also in the gr
frequency range of the spectrum, which was already expressed by the long seril
formants. Already for the lowest notes the partials reach up to 3,000 Hz, then,
the second octave on, an overtone series is formed, which also in mezzoforld:
beyond 4,000 Hz. The fact that the amplitudes are less than for the tenor tromk
corresponds to the low pitch of the instrument. As the averaged envelopes for
upper region of the second octave show in Fig. 3.7, the difference in partial inter
for equal loudness of tenor trombone and Cimbasso between 1,200 and 3,000,7
approximately 10 dB, and above this frequency rises to about 15 dB. The &
trombone thus has a more brilliant effect.

3.1.4 The Tuba

3.1.41 Sound Spectra

The bass tuba and the contrabass tuba are the lowest instruments of the orches
The lower limit of their range are at Bf (29 Hz) or possibly at Ag (27-3 ]
however, these low notes present extraordinary demands for the performer: 4
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Fig. 3.7 Averaged spectral envelopes of several brass instruments for the tonal region of F, to B}

bass tuba in F is naturally located a fifth above the contra bass in B®, however, it can
practically be played equally low, provided its bore is sufficiently wide (Kunitz,
1959). Thus the essential difference between a bass tuba and a contrabass tuba rests
in the sound, ignoring the seldom needed upper region of the playing range.

The spectra of the tuba differ from those of the trombone in the low register
mostly in the significant decrease of overtone content. For low notes at mezzoforte,
the upper frequency limit for harmonic contributions lies between 1,000 and 1,500
Hz, depending on the structure of the instrument. In the middle and upper registers
the partial series is broadened to frequencies between 1,500 and 2,000 Hz. This
steep amplitude drop for higher tone contributions is clearly expressed in the
spectral envelope of Fig. 3.7, showing a characteristic totally different from trom-
bones. At the same time they also show that the lower partials are significantly
weaker than the strongest components. Below the 1st formant, the power spectrum
of a tuba drops by 10-15 dB/octave depending on the bore.

The main formant, which is thus generated between 210 and 250 Hz depends
Somewhat on the des;i gn, for the wide instrument it is lower than for the narrow one.
AsFig. 3.4 shows, the tone color for both cases is somewhat darker than a normal
“u(00)”. For the wide bore instrument a secondary formant is located on the

dary between “u(00)” and “o(oh),” while for a narrow bore the corresponding
Secondary maximum is related to an open “o(oh).” Inasmuch as, particularly in the
UPPer registers, there are no additional secondary formants for the wide bore
!MStrument, the narrow tuba produces a somewhat slimmer timbre, while the wide
emphasizes the dark, soft and occasionally muffled tonal impression.

3142 Dynamics

xl’p tone of a tuba is determined by a spectral decrease with a slope of 20 dB/
V€ above 250 Hy, it is thus very dark and soft. In contrast, above the actual
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overtones, disturbing noise components become noticeable at greater |g
levels. As a result the tone should not be forced, lest it become raw. Esthe
determined upper limits should therefore take precedence over technically
able upper limits for ff. With that in mind, Richard Strauss (1905), in his ¢
instrumentation, specifies that the tuba not play beyond mf, and it is therefor
understandable that Berlioz, in the last movement of his Symphonie fantasti
two bass tubas play the “Dies Irae” in unison. ]
The sound power level of the tuba at forte lies at 104 dB; rapid note equ
can vary between 93 and 108 dB. Low register individual notes can be cons
as relatively subdued at a sound power level of 77 dB, particularly when
ing the reduced sensitivity of the ear at low frequencies. Generally, a
dynamic range of 25-30 dB is obtained, where the 3,000 Hz components
less than for other brass instruments, i.e., only by a factor of 1.5-2 of the amp
change for the strongest tone contributions. The technically possible ff of 1
the high register is in practice of no significance (Meyer, 1990).

3.1.4.3 Time Structure

In spite of the low pitch, a very fast initial transient is achieved in the tuba
duration of the starting transient for tongued notes in the region of C, is about:
For the upper registers this is reduced to as short as 25 ms. For the lowest regi
however, this is increased to over 60 ms (Luce and Clark, 1959; Melka, 197 )
Staccato, even for a good player, does not sound as crisp as for other
instruments in spite of the short initial transient, then the cause is found prit
in the fact that the tone is not rich in overtones. Furthermore, the prelim
Impulse is not as steep in its rising slope as for other brass instruments, sotl
does not characterize the attack as precisely. i

Surprisingly, softly attacked tuba tones reach their steady state more rapidly
is the case for horns and trombones. While the initial transient for C; can las
over 130 ms, corresponding values for higher registers lie around 60 ms, 2
the limited frequency range of the spectrum supports the soft tone onset. .
explains why the overtone-rich trombone requires a slower initial transient pro
The horn, on the other hand, already occupies a special position with the p: X
larly wide modulation region for its tone development.

3.2 Woodwind Instruments

3.2.1 The Flute

3.2.1.1 Sound Spectra

The tone of transverse flutes is characterized by the very uniform overtone :
of the spectra. With few exceptions, particularly for the notes between C4 10 ©
or E4, the fundamental is the most strongly developed of all partials for the
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of the instrument. For no other orchestral instrument is this characteristic as
marked. Above the fundamental the intensity of the overtones drops quite
zlr{ with increasing frequency. Secondary formants appear only occasionally,
and th:n very weakly. They are thus not typical for this instrument group, but rather
characterize tonal idiosyncrasies of individual instruments.
The intensity relationship between the lower partia.ls, and thus the tone color, can
be varied by the performer within relatively wide limits. The performancg technical
ters available are the blowing pressure (i.e., the air stream \felocuy through
the lips), the degree of coverage of the mouth hole (and thus the d1st.ance betwee?n
lip opening and blowing edge) and the blowing direction. Tl?e' size of the .hp
opening affects only the dynamics and not the tone color. Raising the bloyvmg
pressure leads to a better coincidence of the first overtones with their associated
resonances, increasing their strength relative to the fundamental. The tone thus
brightens in its color, which supports the impression of the changed timbre caused
by the dynamic change resulting from the increased pressure. Reduced coverage
(increasing the distance s in Fig. 3.8), in addition to influencing the intonation, leads
to a softening of the air stream at its edge. This causes a weakening of the overtones
for unchanged fundamental strength; the shorter the distance the bri ghter will be the
tone color. Furthermore, by varying the coverage, the intonation of the higher
resonances can be adjusted, within limits, to minimize noise contributions. Finally,
the blowing direction determines the strength relation between even and odd
numbered partials. As Fig. 3.8 shows, an air stream directed symmetrically toward
the blowing edge (y = 0) enhances the fifth, while for a slightly more outward or
nward directed air stream the octave or double octave is strengthened and the fifth
1§ diminished. The flute sound is perceived as having particular tonal beauty when
the fundamental and octave are approximately equal in strength, and the twelfth is
weaker by about 10-15 dB (Bork and Meyer, 1988).
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Fig.38 Strength of the first four partials in the sound spectrum of a flute (played note: C,) in their
dence on blowing direction
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As already suggested in Fig. 2.6, the noise in the tone of a flute consists
of flow noise with intensity independent of frequency, but it also containg ¢
nents which influence the tone. They appear in overblown notes and resuly
continuous statistical excitation of “unused” resonances. In the region of B«
therefore, such flow noise peaks appear at one half of the fundamental freq
and odd multiples thereof; also from Ef on up, at 1/3 and 2/3 of the freque
fundamental and at the corresponding multiples not divisible by three; in
for cross fingering, the flow noise peaks can also be inharmonic. The height of
peaks depends largely on the quality of the instrument and the playing te
Contrary to a widespread opinion, for metal flutes the material appears
subordinate role in relation to tonal impressions, especially for the i
(Coltman, 1971). Special “preferences” for gold or even platinum flute:
predominantly on a psychological effect, which of course, in individual
may certainly influence the performance technique of the flautist.

3.2.1.2 Dynamics

As already mentioned, the player can influence the dynamics within re
narrow limits (about 6 dB) without changing tone color, by variation of
opening. The predominant dynamics contributions, however, are accompani
supported by changes in tone color. In contrast to most other instruments ¢
above all relevant to the lower partials, and less so in the upper frequency Te
Thus at ff the 3,000 Hz components lie about 20-30 dB below the fundamenta
for pp only by 30-40 dB. Above that, all spectra drop with a slope of 15-2
octave. The dynamic range of the flute is relatively small. For rapidly perfe
scales through two octaves it is only 12 dB with a sound power level of 82 dB
and 94 dB at ff. This is also related to the fact that for a flute the playable dyn:
range depends especially strongly on pitch. The low register with a pp around 6
and a ff in the neighborhood of 86 dB is particularly weak; in the highest oc
sound power level can reach 100 dB for ff, while for pp it can hardly be low
below 83 dB. When one further takes into account the low sensitivity of
low frequencies, then these values suggest that a low frequency ff is percen
equally loud as a pp of the highest notes. Consequently, for a flute, the ton
structure receives particular significance by its influence on tonal emphasis.

As a whole one can count on a practically realizable dynamic range of from:
20 dB in a flute. The average forte power level lies near 91 dB. A change €
fundamental by 1 dB is connected — depending on performance technique =
change of the 3,000 Hz components of up to 1.5 dB in the lower and middle
and 2 dB in the upper register (Meyer, 1990). :

3.2.1.3 Time Structure

Among wind instruments, the flute requires the longest time for tonal developm
In addition, the attack contains particular characteristics which appear 11
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to initial blowing techniqueg. Dominant among these are so-called preliminary
tones, which are formed by higher resonances (Rakowski, l96§).

For the lowest notes, these preliminary tones have a dur'altlon of z.lbout 50 ms.
They are located in a frequency region ar‘ound 2,090 Hz, that is approximately three
octaves above the fundamental. Their mtens_lty }s.abou.t 10 dB greater t.han the
subsequent stationary state. For the lower partials it is typical for the tone picture to
have the octave partial exhibit a relatively fast initial transient and the actual
fundamental to develop substantially more slowly thereafter.

In the mid-range the initial transient is as fast for the fundamental as for the next
higher tone contributions. In addition to the preliminary tone, which raises its
frequency to 4,000-6,000 Hz in correspondence to the three octave rise above the
fundamental, noise-like components also appear below the fundamental, which
disappear after about 100 ms. The duration of the high preliminary notes is of the
order of 50 ms. Finally, the initial transients for high overblown notes consist
initially of sub-resonances before the energy passes to the actual partials after
about 50 ms.

The strength of the preliminary tones naturally depends on the sharpness of the
attack, or on the articulation syllables used; however, it should by no means be
considered as a negative characteristic, to be suppressed by performance technique.
It enhances the sharpness perception of the attack, which is especially important in
view of the relatively long initial transients for flute staccatos (low register about
100 ms, mid-register around 30 ms.). This was already shown very clearly in Fig.
2.9, the juxtaposition of a sharply articulated and a soft tone attack. Finally,
preliminary tones, as well as noise components generated by the attack, participate
substantially in the tone effect known as the “flutter tongue,” as used, for example,
by R. Strauss in characterizing the wind in tone painting fashion in Variation VII of
Don Quixote (see score example 5). Here the individual tongue beats of the “flutter
tongue™ follow each other with a frequency of 25 Hz, and for higher frequencies
lead to an amplitude modulation of 15 dB.

] While the end of a tone for brass instruments and reed instruments is character-
lz.ed b.y a very short decay time, because of the sudden cessation of lip or reed
Vibration, the decay process for a flute can be influenced somewhat by the
Pel'f_OI'm.er. This is unique among wind instruments. For a “normal” flute tone
ending in the mid register, the decay time (above 60 dB) is at about 125 ms for
the fundamentg] and 80-100 ms for the next three overtones. A soft termination of
the tone prolongs the decay time to about 200 ms for the fundamental and the
:}‘:::'?I,land to 120 ms for the following overtones. Naturally, even these values are
cOmparison with string instruments.
ngfcp}:‘:’wlar.in?portance for the flute souqd is t.he effectof the Y'ibraro on thc.a spectrum.
. rl'aCIf‘:l’lSIIC examples are shown in Fl.g. 3.9. The width of the vibrato for a
elatively small. Frequency fluctuations of from +10 to £15 cents can
mﬂpz(iiti;: COI}Si_dGTC(.l as a strong vib'rato. For this amount th.ere are practically no
By 1. h_\'éilrlatlons in the lower partials; the effect. therefore is one of a st.able tone.
or. 1gher overtones move to the resonance wings by reason of the wb):ato and
Xperience strong amplitude modulation. Above 3,000 Hz this level
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Notenbeispiel 5

Score example 5 R. Strauss, Don Quixote, Variation VII, flute passages
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Fig. 3.9 Time variations in the tonal spectrum of a flute vibrato for different pitch regions

ﬂ‘fcmation reaches 15 dB and effects a pulsing tone color variation. For example,

effect is clearly pronounced for Note G4 and also recognizable for Note Gs.

to this is a Very pronounced modulation of the blowing noise which reaches

Well above 10,000 1, with a level fluctuation of 15 dB. The tone color modulation,

s well as the noise modulation, lend the fluctuating flute tone a particular promi-

flence within ap, ensemble, even when the blowing noise is not as strongly
Plonounceq g iy, the pictured example (Meyer, 1991).
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3.2.1.4 The Piccolo

As is the case for the flute, the piccolo in its spectrum also shows a steady amy
drop beginning at the fundamental, which is the strongest partial, to the hi;
contributions. In this context, a secondary formant can appear in individual c
the region around 3,000 Hz, which, corresponding to its location in he
“i(ee)” region, supports the very bright tone of this instrument. In the midd
upper regions of the tonal range, harmonic components are formed up to
10,000 Hz which nevertheless do not give metallic sharpness to the tone sjr
frequency separation of the partials for the piccolo is very large, due to n
pitch. The timbre is better described as bright and penetrating, which is pa
connected to the fact that the strongest tone contributions of this inst;
precisely into the frequency range of highest sensitivity for the ear. ;
In addition, it should be noted that the dynamic performance range of the
is particularly narrow. On the average it barely covers 15 dB, and it is just
over the entire tonal range (Burghauser and Spelda, 1971). At pp the pi
therefore very loud in comparison to other instruments: the lower dynamic
rises from a sound power level of 78 dB for the low notes, to a value of 88 d
highest register. Correspondingly an Jf produces values between 93 and 103
that in high passages the piccolo can certainly be made to stand out in :
instrumentation orchestra sound: Particularly typical examples of this are §
in the symphonies of D. Shostakovich. 4

3.2.2 The Oboe

3.2.2.1 Sound Spectra

As determined by the different process of generating vibrations and the conical &
of the bore, the oboe has a totally different tonal character than the flute. Aco N
this is borne out in the spectrum which is rather rich in overtones. The f
distribution of this spectrum is determined by a series of formants. Even thol £
spectral region reaches down to about 233 Hz (the fundamental for BP), the st 9
tonal contributions do not appear until about 1,100 Hz. This principal forma
shown in Fig. 3.10, leads to a basic tone color similar to the vowel “a(ah)
addition, for the lowest notes a certain sonority is obtained by a subformant bet
550 and 600 Hz which can shift the tone color in the direction of a bright “o(¢

The fundamental of the oboe sound is relatively weak especially in the
registers, since the sound power level below the formant maximum drops
dB/octave. The fundamental thus lies up to 15 dB below the main forman
vowel character is therefore enhanced. Two secondary maxima at around 2,
i.e., in the boundary region between the colors “e(ch)” and “i(ee),” and p
4,500 Hz lend a pronounced brightness to the oboe, which is also enhancé
further partials up to 9,000 Hz (at mf). Finally, in the low register, the fi =
location of the sub- and main formant results in the effect that the even P ;

1
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Fig. 3.10 Schematic representation of formant locations for double reed instruments

dominate in intensity over the odd partials. This differentiation (of the order of
8 dB) leads to a particularly open sound.

At the boundary for overblown tones, the formant region becomes discontinu-
ously broader, above Ds the formant thus loses in character (Smith and Mercer,
1974). Up to about Bg’ the fundamental and octave are nearly equally strong, so that
maximum no longer exhibits a clear peak, or the octave partial may even

inate somewhat. From Bs on up the fundamental dominates; for the higher
Tegisters, therefore, the vowel-like tone picture of the oboe increasingly gives way
mal.ather hard and less expressive timbre. How critical these high notes of the oboe
& in view of tonal considerations is noted, for example, when in the slow
movement of the G major violin concerto of W. A. Mozart, the voice carried up

1 the Dg by the flute is taken over by the oboe, as happens occasionally, because in

Outer movements only oboes are present.

. € typical tonal difference of Vienna oboes in contrast to generally played
MStruments of (he French style, rests in the fact that because of the somewhat
WET cone, the main formant lies by 50-100 Hz lower, and the higher overtones
are more Pronounced. Thus the tonal character becomes somewhat more pointed
and less Rasal. For Baroque oboes the main formant, depending on instrument
%&l{ctlo“, lies more or less far below 1,000 Hz, so that the tone region
yined by this formant is stretched by several half steps in comparison to

¥Sinstruments (Benade, 1976),
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3.2.2.2 Dynamics

When considering dynamics, varying the tone color does play an important
the oboe, however, the nature of reed vibrations imposes limits. While ;"I
brass instruments is determined by strong tone components even above 10,0
the center for change in the power level spectrum of the oboe lies in the ;
around 3,000 Hz: for the oboe ff, these components are located only 10 iB
the strongest tone contributions; above 3,000 Hz the envelope drops rel;
steeply with 23 dB/octave. For pp the linear amplitude drop already beg
1,500 Hz and has a slope of 20 dB/octave or less, so that the 3,000 Hz co m
lies up to 30 dB below the strongest tone contributions. As a result, for pp, tor
produced with only very few strong partials: In the low register the spects
reduced to four to five harmonics, where the amplitude maximum is shiff
second partial (in contrast to the 4th or 5th in mf). In the upper registers, a
only two partials appear, and the fundamental dominates in intensity by far. I
the main formant is thus shifted in the direction of a somewhat darker basic co
addition, the tone becomes more tender due to the lack of higher ]
contributions. 3

In comparison to the influence of the tone color on the dynamic ra
difference between the power level at ff and pp is relatively narrow. For r:
performed scales the level at ff rises to 95 dB in contrast to 83 dB at pp. For isi
notes the power range expands to values from 70 dB for pp in the mid range &
dB for ff of very high notes. One can thus count on a practically usable dyr
range of up to 30 dB, with only 20 dB in the extreme registers. For the cha
value of the oboe forte sound, a sound pressure level of 93 dB can be gi
“dynamic tone color factor” which is responsible for the relative shift of th
Hz components moves between 1.7 and 1.9, and is thus a little smaller
flutes and clarinets.

3.2.2.3 Time Structure

The attack for double reed wind instruments is distinguished by particular
and clarity. The reason for this lies in the facts that on the one hand initial trak
are extraordinarily short, and on the other, that there are no noise-like or i .
contributions. In fact, in the initial transient, the individual partials experie
nearly exponential amplitude development so that the auditory impression @
the smooth envelope is clear and pure. Oboes are therefore especially suited
short, and yet tonally precise staccato, which can lead to difficulties in perf oS
alongside other instruments which are not in a position to give their
passages the same pearlescent clarity. ;

The initial transient for tongued notes, even for the lowest notes of the 25
shorter than 40 ms and is lowered to less than 20 ms with increasing pitcl_
the high frequency contributions will already have reached their final stref
about 10 ms. Yet, with “cantabile” playing, tones can also be develo
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< the initial transient can be stretched to 100 ms and can last in the upper
2 t.hls, for about 40 ms (Melka, 1970). Thus the initial transients for the oboe with
mglmrs"kocan reach similar values as the violin for sharp attack. This comparison
;ftk::tame influence of the initial transient on the tone piCt_llre of the instrumént
especially clear. Its complement is found in the short decay time of the oboe which

lies in the order of 0.1 ms.
3224 English Horn and Heckelphone

As lower instruments in the oboe group, the English Horn, and for part.icular
compositions also the Heckelphone, are used in the orchestra. Corresponcpng to
its tuning in F, the English Horn is located a fifth below the oboe, while the
Heckelphone lies an octave lower than the oboe. Both instruments possess a pear-
shaped bell, which is especially important for the characteristics of the lowest notes.

From a tonal standpoint, the English Horn and the Heckelphone represent a
transposition of the oboe timbre into a lower range, as can be seen from the survey
of formant regions in Fig. 3.10. In the oboe the main formant can be described as a
bright “a(ah),” in the English Horn the vowel color of a dark “a(ah)” dominates
and in the heckelphone a transition color between “a(aw)” and “a(ah).”

This formant shift relative to the oboe, however, is not as strong as the shift of
the tonal range. In contrast to the pitch shift by a fifth, the shift in color only
involves about a whole step, while the heckelphone main formant lies a third below
that of the oboe.

In the lower registers of the tonal range an additional formant comes in, which in
the English horn corresponds to a somewhat brighter “o(oh)” and in the Heck-
elphone to a darker “o(oh).” This generated the basic color for the “rather wailing”
tone of the English horn and the relatively dark timbre of the heckelphone.

As the location of the higher formants in Fig. 3.10 proves, the English horn and
the heckelphone form a decided expansion of the oboe group in the direction of
lower pitch. The continuity of this tonal line is illustrated particularly impressively
by the score excerpt from “Salome.” On the other hand a comparison of formant
locations also permits recognition of the difference between the heckelphone and
the bassoon from a tonal standpoint. In addition, it is noted that these two lower
oboe instruments do not require more initial transient than the oboe itself (Meyer,
1966‘3). However, the dynamic range in comparison to the oboe is narrower; for the
English horn the limits for the sound power level lies near 79 dB at pp, and 94 dB at ff.

Sehr schnell
2 Oboen : e
£ ==ty
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Eeckalpy ﬁ_ﬁ‘ = “ .1 i..,, e~
Fani s

€Xample 6 R Strayss. Salome, Part excerpt: Oboe group
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3.2.3 The Clarinet

3.2.3.1 Sound Spectra

The clarinet presents a typical example for sounds, for which the odd partials
the even ones (Backus, 1961 and 1963; Meyer, 1966¢; Strong and Cla
However, they do not preserve these characteristics over the entire pitch ra
change their spectral composition in the region of the upper register in favor of
tone contributions. Fundamentally the playing region of the B? clarinet can
into three segments, which show different characteristics in relation to thej
construction and thus their timbre. The boundaries between them are son
fluid and depend to some extent on construction details, reed strength
mance technique. Fig. 3.11 contains a juxtaposition of three typical sound
for the individual regions, which, however, show the dominance of the fund
over all other partials, as an essential common characteristic. i
In the low octave of the range from Ds (147 Hz) to D, the odd pa i
significantly stronger than the even ones. The difference can be followed
lowest notes up to about the 15th partial; the second and fourth p
particularly weak in their amplitude, the difference between them and the
boring odd partials is generally greater than 25 dB, it can even take on val e
40 dB. As a result the tone becomes dark and hollow; in this register the ¢ ar
therefore especially suited for “achieving of dark and sinister tonal effects,”
example at the beginning of the first movement of the Sth symphony D]
Tchaikovsky (Kunitz, 1957). 3
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Fig. 3.11 Sound spectra of a clarinet
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In the region from approximately EY to Gs the 1.st and 3rd partials are decifiedly
strongly pronounced than the octave partial, from the 4th harmonic on
the odd and even contributions are, however, equally developed. For a
good player, the overblow boundary, which is located near A4 cannot be recog’;
nized from its spectral construction. Nevertheless, the so called short notes up to Gjf
can occasionally sound somewhat dull, when the amplitudes above 33000 Hz are too
weak. In this pitch range the indifferent location of the octave pallrtlall al.so' plays a
role: with increasing pitch its difference from the 1st and 3rd partial diminishes, so
that cases can arise where it is too strong for a decidedly hollow timbre, and too
weak for a forceful sound. '
Above Gf the fundamental dominates in a particularly strong measure. It is
associated with a steadily decreasing overtone series, which gives a “full round
substance” to the high register (Kunitz, 1957). Luster and brilliance are additionally
achieved by a formant between 3,000 and 4,000 Hz, i.e., in the region of the vowel
color “i(ee).” The large intensity difference between the harmonic partials and the
noise background is responsible for the clarity of the sound. It gives the tone an
especially pure sound. This becomes particularly clear in comparison to the flute,
which in this pitch range exhibits a similar overtone structure, but produces
considerably higher noise contributions, and furthermore presents stronger fluctua-
tions in the temporal micro-structure of the sound level, so that the tone of the
clarinet gives the effect of being more steady, and firmer and thus also stronger.

more

3232 Dynamics

Of all wind instruments, the clarinet can produce the softest pp. At that point the
power level drops to about 65 dB and in the region of the fifth octave can even be
lowered to 57 dB. The result of this is a sound pressure level, which in a larger hall
approaches a value with an order of magnitude around the ambient background
ll018e For fast scales the pp power level does rise to 77 dB. In the highest registers,
like above Ds, such a pronounced pp can no longer be blown.
FOI' If the power levels for rapid note sequences reach a value of 97 dB.
vidual notes, especially in the fifth octave, can rise to 106 dB. This results in
adynamic range, which in its breadth is hardly found in any other instrument. In the
Crregisters it is measured at around 30 dB, in the mid-registers at a scant 50 dB,

and in the Upper registers at about 25 dB. The characteristic forte for the clarinet lies
near 93 4B,
The extraordinari]

o y wide-spanned dynamic expression possibilities of the clari-

e further enhanced by the strong tone-color variations existing between
o 1€ Seps. (Meyer, 1966¢). For ff the intensity maximum of the low notes is
f to frequencies above 1,000 Hz, i.e., into the region of the bright a(ah)-
e“x:aqt. For lower frequencies the spectrum drops with 3 dB/octave, so that in this
powptmnal Case the fundamental does not dominate. While in the low register the

ner leyel Spectrum drops with a slope of 12 dB/octave above 2,500 Hz, in the
" Tegister the very strong partials persist up to about 5,000 Hz, followed by a




71

/10 3 Tonal Characteristics of Musica] odwind Instruments

spectral drop of 23 dB/octave. This richness in overtones effects a py
brilliance of the Jf; however, this can also present a certain hardne
registers, which is associated with the fact that the amplitude differenc
even and odd partials becomes larger with increasing performance strep
In contrast, for p the clarinet tone becomes softer in character
intensity equalization between the two partial groups. While the s
low register, even at pp, are still relatively rich in overtones, since ah 0
they drop only by 15 dB, in the fourth octave decidedly tender
produced with only three or four partials, i.e., a spectrum of less thag
The dynamics are therefore predominantly determined by the ove 1
The partials in the frequency region around 3,000 Hz lie from around 4(
register) to 50 dB (high register) below the fundamental for a pp, while
difference at ff only amounts to 10~12 dB. At the same time the “d
color factor” rises from 2 for the low register to above 2.5 for the upp

Combined sound

90 - 180 Hz
180 - 355 Hz

355-710 Hz

710 - 1400 Hz

“nmame 1400 - 2800 Hz

2800 - 5600 Hz

Combined sound
3.2.3.3 Time Structure

As is the case for the double reed instruments, the attacks with the clarin

very clear and precise. Here, staccato notes practically do not co; il L
frequency preliminary sounds — as was the case, for example, with | 150 - 355 1z
rather exhibit a quite uniform amplitude growth in all overtone regions. :

shows for the lowest note of the clarinet, even the fundamental reac an

A g : ; Y 355 - 710 Hz
strength within a few vibrational periods. Thus the attack does not give o

effect of the oboe. As a whole, the initial transient is completed 15-20 ms
attack, yet it can be stretched to more than 50 ms for a soft attack. These v
valid for the entire pitch range of the clarinet (Melka, 1970). The decay ti
in the low register, is not longer than 0.2 s and drops to about 0.1 s in
register. ;.
In addition to the slower initial transient of the lower partials, the featur
soft attack are above all formed by the fact that higher overtones increas
the initial transient with increasing frequency. Thus, special importance
transfer of the high tonal contributions for differentiation in artic
though, as in the flute, they do not dominate the transient process.

chasionally ndiseslike components appear in the'attack, Wi b >mpensated to a lesser extent: within individual frequency bands, the energy of
flaps triggers resonances which have not yet been excited by reed vib 4 rtials varies only by 5-6 dB for a diaphragm vibrato and by 7-8 dB for a lip
phenomenon Plays an, important role, especnall.y for chnecteq nolcEy ’ 0. A lively tone color effect is thus created in the tonal impression of the
In the clarinet, a vibrato can be produced either with the dlaphri'lgm et vibrato, which oversha divis e effect of freqhiney medilation
the lips. In the rare event that a clarinet vibrato is used in classical

710 - 1400 Hz

pokiteiaietainie wewmeee 1400 - 2800 Hz

2800 - 5600 Hz

0,1 : 02 s
e Time

.
_,,A,‘, Octave filter oscillogram of initial transient processes in a clarinet (played note: D3,
) and soft attack)

about +7 cent would be typical, this is thus at the limit of audibility for Clarinets of Different Pitch

modulation. A lip vibrato can reach a width of +15 cents in the upp
These frequency fluctuations are connected to amplitude changes of high
particularly at frequencies around 2,000-3,000 Hz, which can amo

20 dB, however these are, at least partially out of phase. Thus their effect if

= Ifluence of he instrument’s pitch on the tonal character is particularly pro-
nceg for the clarinet (Meyer, 1966¢). Above all the difference between an A and
Clarinet regtg on the fact that — especially in the low register — the intensity of
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the A-clarinet in the overtone region around 1,000 Hz, which is in the
vowel color “a(ah),” is about 5 dB lower, also the contributions above
Hz are weaker. A further nuance arises from the fact that in the A-clarj
partials are even more reduced. All these phenomena lead to a very “dark ar
like” timbre, which at times is also specified as “holding back and tender” (
1957). In contrast, the B®-clarinet gives a more brilliant and forceful impres
result of its somewhat richer partial spectrum. It is noteworthy, how muy;
small intensity differences matter in differentiating in the tonal picture, |
nevertheless sufficiently significant for Richard Strauss to employ both inst
types at the same time in Salome, the A-clarinet for melodic passages and
clarinet for brilliant figures and ornaments. £
While for the A- and B-clarinets a dominance of the odd harmonics upi"
the notes Fﬁ or Gs is observed, for the clarinet in C this boundary is g
about BY; thus it coincides with the over blow boundary. Furthermore, the in
difference between even and odd partials in the low register of the instrument
than for the larger clarinets. Thus its tone color is not as hollow and covered.’
clarinet exhibits significantly higher amplitudes in the region between 1
4,000 Hz, the difference in relation to the lower instruments is about 10
effects not only a significantly brighter sound, but because of missing forr
“cooler and harder” timbre. These characteristics render the C-clarinet partic
suitable for folklore related tasks such as, for example, the polka in the firs|
the “Bartered Bride.”
Still more strongly pronounced is the difference between the clarinets in D a
and the normal clarinets. Already from 1,000 Hz upward much higher
appear in the high clarinets, which in the region around 2,500 Hz make a 1
of more than 25 dB, in contrast to the larger clarinets. Inasmuch as th
difference between even and odd partials shrinks to 1015 dB, and beca
diminished intensity drop above 1,000 Hz, the nasal components are
strongly developed, a bright, frequently even shrill tone color results, Wi
occasion can have hard and pointed effects. The high clarinets are thus prede:
above all, for special tonal effects, as they are demanded in “Feuerza
(Walkiire), or “Eulenspiegel.” The dynamic range of the small cla in
relatively narrow, with median power levels of 80 dB at pp and 96 dB :
range of only 16 dB is noted. The possibilities for expression are thus signifl
less — especially for piano — than for normal clarinets.
The bass clarinet is characterized by properties already considered i
clarinet. In particular, the difference between even and odd partials grows t
than 30 dB, where the fundamental is especially emphasized. Through Y
timbre becomes particularly hollow and dark, it obtains, as it were, ”;»
“mysterious and melancholy.” The pp can be played extremely discreeﬂ?'z
lower register it drops to a power level of 59 dB, where for subjectt
impressions one must still consider that the loudness impression is furthe.r
by the decreasing aural sensitivity at low frequencies. At Jf the instrument 15 2%
very strong, a power level of only about 97 dB can be expected. 4

5
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324 The Bassoon

324.1 Sound Spectra

At the low end, the range of the ba'ssoon extends to B‘l’ (58 Hz), with“an'extende:ii
bell joint A; can be reached, whlch fo_r exgmple 1s required for “Tristan un
Isolde.” The lowest frequency contributions in the spef:trum_of the l.owest notes,
however, are developed only relatively weakly. The 1nter.1$1ty maximum is not
formed until the 8th or 9th overtone. This frequency location fzorrespc'mds to the
region of the main formant, which lies at about 500 Hz, and which particularly for
bassoons is very pronounced. (Lehman, 1962; Meyer, 1966¢; Strong and Clark,
1967). _ "

The tone color which is very similar to the vowel “o(oh)” is not only caused by
the central location of the amplitude maximum in the region of this vowel, but also
rests on the fact that the width of the bassoon formant nearly corresponds to that of
the vowel “o(oh).” For all other instruments the formant width is wider than the
width of the vowel with corresponding frequency location. The logarithmic decre-
ment has a value of 1.4 (Meyer, 1968) for the prevalent construction of a German
bassoon, the corresponding value for a sung “o(oh)” is 1.2 (Tarnéezy, 1943). A
fitting example for the dramatic exploitation of this similarity of the bassoon with
the human voice is given by the duet of Aida and Amonasro from the Nile scene in
the opera Aida (see score example 7), where also during the singing of Aida the
presence of her father is given musical expression. _

This formant location around 500 Hz characterizes the tones of the bassoon in
the region up to C,. Below this formant, the power spectrum drops with a slope of
approximately 8 dB/octave, so that the fundamentals of the lowest registers are
developed correspondingly weakly. In the fourth octave the amplitude maximum is

ifted along with the 2nd partial to somewhat higher positions, so that the tone
color approaches an “a(ah).” From about B, on up, the fundamental dominates, so
that the vowel color js no longer as pronounced.
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Additional tonal characteristics of the bassoon include a very high ny
overtones, which form a series of secondary formants in several strong
already recognizable from Fig. 3.10, and represented again by Fig. 3.14 j
context, these secondary formants lie in the regions of 1,150, 2,000, and
Of these, the first one falls into the region of the vowel color of a bri
which contributes to a strong timbre. In the higher regions of the tonal
shifted more into the region of the nasal components, so that the tone pi
longer gives such an open impression. A typical example for this somewh
color of the bassoon in the upper registers is given by the Beckmesser-mc
“Meistersinger” (see score example 3, p. 48 Sect. 3.1.1.4) The two higher fre
formants account for a tonal brightening effect corresponding to their positi
the vowels “e(eh)” and “i(ee),” and prevent the tones’ becoming too dull of

The frequency location of the main formant, as also the intensity of
ary formants, depend within certain limits on the performance technique. If;
intonation is required it can be achieved by raising lip pressure. The drop
level associated with that must be compensated by a simultaneous inc
pressure. While the sound level remains the same, the formant rises sli
with the upward pressed tone, and the overtones gain in intensity (
Mercer, 1973). The tonal character as a whole, thus becomes brighter.
must be considered when choosing the reed: the lower the reed is tuned, the
will be the tone color, assuming the same intonation.

3.2.4.2 Dynamics

The brightening effect of the secondary formants is most noticeable
loudness levels. For ff the overtone series reaches to above 12,000 Hz
these very high tone contributions largely determine the tone, and th
around 2,000 and 3,500 decrease in importance. Here, however, directio
also are relevant (see Sect. 4.3.4), since the power level spectrum decreases
1,000 Hz with a slope of 20 dB/octave. The high frequency overtones of the
registers are distributed so densely that they assume a noise-like chara
can lead to a certain hardness when the tone is too forced. Additio i
secondary maximum, which for mf lies near 1,150 Hz, and is shifted into th )8
of the nasal components for Jff. exhibits a greater intensity in the upper registe
the principal maximum. Through this the tone loses sonority. :
In contrast, at lower loudness levels, the principal formant is shifted to¥
darker tone color, furthermore, for Ppp the power spectrum above approxim
Hz already drops by 25 dB/octave in the low register, and by 35 dB/octa
middle and higher registers, so that the tone becomes rounder and more
However, for pp, noise contributions in the frequency region around 3,00
be formed in the middle register, which come about because of Eigenreso
the reed. They depend in their intensity within wide limits on reed P
(Meyer, 1966¢). The consequence of this is that the dynamic tone factol‘f
bassoon — at least in the lowest octaves of the range develops tendencies Wik
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81

ions: When the strongest tone contributions in the region
Wt{.’ u_c;ual th)ez;:lté(l)lzflged by 1 dB, thi components in the region around
o OtIrT:ngthened or respectively weakened by 0.6-0.9 dB, only from the
ﬁ og;::eu:)ward does the “dynamic tone color factor” follow the usual tenden-
- v;lu:(?rf 1thze (;).fl'amic range depends in particular measure on the speed of
pa-lfno::;darfotes. ’For rapid scales the power level can be varied betv.veen 81 and 96
dB: in the mid register long notes can be weakened to 72 dB and r.aused to 102 dB,
wl;ich corresponds to a dynamic range of 30 dB. For the low and high regl.sters this
is narrowed to a dynamic range of about 25 dB. The power level for a mid- range
forte lies near 93 dB, as for the oboe and the clarinet.

324.3 Time Structure

In spite of the low pitch of the instrument, the attack of the. bassoon .is very preci.se.
The reason for this lies in the fact that the overtones in the middle anc_i high
frequency regions have a very short initial transient; they alrefidy 'reach their final
strength within about 20 ms as already shown in the example in Fig. 2.2. Through
this, the beginning of the tone is clearly defined. As is the case for other reed
instruments, no additional noise accents appear, so that the attack gives a very pure
impression. Nevertheless, as seen in Fig. 3.13, the low frequency contributions
(below about 200 Hz) for such sharply attacked notes require a longer time for the
initial transient — a value of 20 ms would only involve about two vibrational periods
for the fundamentals of the lowest notes.

Since the lower tone contributions are relatively weak from an intensity stand-
point, their initial transient time of 50-80 ms does not reduce the precision of the
attack, however, a short staccato in the lowest registers can influence the sonority.
For the bassoon, most references in the literature give an overall value, without
frequency weighting, for the initial transient time in the order of 30-40 ms, which

terizes the precision of the attack in comparison to other instruments (Luce

B Combined sound
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Fig 313 Octave filter oscillogram of the initial transient for a bassoon (played note BY)
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Score example 8 C. M. von Weber, Der Freischiitz, Beginning of the overture

and Clark, 1965; Melka, 1970). Even for a soft attack, the initial transien
lengthened significantly above 60 ms, however, the tonal impression in that
primarily determined by the fact that the higher frequency components
than the lower components and that the initial transient is slower than for
attacked notes. This difficulty, to achieve a soft entrance, is noticeable, for 3
at the beginning of the Freischiitz overture, when the bassoon is expected
unnoticeably into the “from Nothing” swelling string sound, without len
accent to the joint beginning. (Score example 8).

The decay processes are short, as is the case for all wind instruments. The
time lies at around 0.1 s for the higher notes (as was recognized from Fig. 2
can be lengthened to 0.4 s for the lowest registers (Rakowski, 1967). The inf
of the player is minor. b

When bassoon players play a pronounced vibrato, the width is about £l
This results in level fluctuations of only 4 dB for the strongest partials, ie.,
region around 500 Hz. The strongest level fluctuations occur between aroi
and 1,800 Hz and can reach up to 15-20 dB. Since, by reason of their time

they draw the attention of the listener, they emphasize the nasal qualit)’}

sound. While all overtones fluctuate in phase, one could speak of a tone
modulation, still, the tone receives an inner stability through a number of
modulated partials with fluctuations of only 5-6 dB, which do not permit

to become as noticeable as is the case with the brass instruments and the fl

=
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3244 The French Bassoon

While the bassoon of so called German construction is preferred in almost all
countries, in France and also in a few east European countries instruments are

with different fingering and different tonal characteristics. These so called
French Bassoons were historically developed alongside the German Bassoon and
represent a certain parallel to the Horns in France. In the tone picture, the nasal
components are also strongly pronounced, as the juxtaposition of the formants
shows in Fig. 3.14. While the basic formant in comparison to the German instru-
ments is shifted in the direction of a darker “o(oh),” all secondary formants,
however, are located noticeably higher. As a whole, the tone of the French Bassoon
is richer in overtones, and the vowel color of the basic formant (with a logarithmic
decrement of 1.6) is somewhat less firmly determined, since it is broader than in the
German model.

By reason of all these characteristics, French bassoons sound less forceful, and
have a more slender tone, which in connection with the good attack at the pitch of
these instruments is particularly suited for virtuoso passages. In their tonal charac-
ter, therefore, they serve the compositions of the French impressionists particularly
well, as also the older, preferably virtuoso wind literature, while the German
bassoons are based more in the tonal conception of the romantic epoch.
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3.2.4.5 Historic Bassoons

While data about instruments in use today are based on a large number of
ments investigated, and thus are generally applicable, for historic insgy
naturally only individual examples can be cited. For the bassoon,
available for two baroque instruments, and one example from the class; c
all three instruments are well preserved. They are still being played in el
for old music. While they are not as balanced as today’s instruments,

34
NS

Particularly noticeable is the low frequency position of the main ma
Baroque bassoons, which results roughly in a bright “u(00)” as the
This, combined with the lower location of the secondary formants and the
relatively small overtone content, brings about a tonal effect darker than for:
instruments; it can on occasion even become somewhat muffled. To this is
that the logarithmic decrement of the main formant in the lower octaves
range lies at around 1.2, while in contrast, it is above 2.0 for the upper re
This signifies, that the tonally best regions for the Baroque bassoon are
the lower regions; thus, these instruments seem especially suited for suppor
continuo foundations or for characterizing sinister moods in operas or“
scenes, as for example the appearance of Samuel’s shadow in Hiindel’s “Sa

In contrast, the tonal picture of the bassoon looks entirely different in \J
time. The main formant is situated in the region of the vowel “o(oh)” a
today’s instruments, however, for the upper locations of the tonal range, it
right up to the boundary with “4(aw).” The secondary formants are co
near a very bright “a(ah)” nasal component, and finally a middle “e(eh), "
they add a character which is not too weak but slender, to the already
bright fundamental color. The logarithmic decrement of the main fo nant
value of 2.1 in the lowest register, is less favorable than for the higher MJ
values of 1.4-1.6. The best location from a tonal standpoint, i.e., the region
most pronounced formants, is therefore in the middle and the upper registers,
the low register is somewhat duller. With that type of timbre, the i

particularly suited for supporting precision in the bass groups as also in hig
like passages.

3.2.4.6 The Contrabassoon

With a lower limit of the tonal range at BB or even Ay (e.g., in “Salo
contrabassoon, next to the contrabass tuba, is the lowest instrument in the 0
Its spectral region thus begins at 27.5 Hz. However, the radiated energy at g
is very low. Below the first maximum in the power spectrum the level dro]
also for the bassoon — with § dB/octave. This first maximum in the X
structure is located at about 250 Hz. Secondary formants are found near
Hz as well as in the region around 800 Hz for greater loudness (Meyer, 1960

b
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Ppasic color can, therefore, be described as a dark “u(oo0)” with an addition in the
i of 2 darl;] :i)f)?ltll))lé bend in the body, the tonal development over the range of
1 Becamsmuslme Oft' 2 ot as uniform as for the normal bassoon. Particularly in the lowest
mﬂ:x"ster P rlest tone contributions switch between partials of different order.
. r St'mlslig nificantly more sensitive in the region around 400 Hz than in the
Snfze E ef; lslov%est partials, the strongest partials in the sensitivity spectrum
nglm},gmme‘ifloree prominent and make the pitch orientation more difficult for the lowest
notes. For example, in the descending tone sequence Bq- BB the rise between tge
strongest partials, namely from about 395 Hz (13th pamz.:ll of By) t.o about 405' z
(14th partial of Bg) can be heard very clearly. This results in a perceived uncertainty
te sequence rises of falls.
‘bo;lnoz:ztziry,ﬂfor\:/oever,?s the relatively short initial transient for the contrabas-
soon. For tongued notes in all registers this amounts to_qnl}f frox?l 30 t.o 35 ms, $o
that the instrument gives an impression of rather high agll{ty in spite 9f its low pitch
(Melka, 1970). On the other hand, its dynamic range in comparison to a pass
clarinet, is relatively narrow: for individual notes it does go up tp 15 dB, y.et ina
melodic context it drops to 10 dB. This is caused by a relat?vely high lower limit of
the dynamic range with a power level of 86 dB at a pp, while for ff the 96 dB value
comes close to the upper limit of a normal bassoon.

3.3 String Instruments

33.1 The Violin

33.1.1 Sound Spectra

For wind instruments the tonal picture is primarily determined by resonance effects
of the enclosed air column, the vibrational characteristics of which are determme-d
the dimensions of the bore diameter, the bell, the mouthpiece etc; the material, in
Contrast only plays a subordinate role. For string instruments, on the other hanq, the
is Primarily formed by the resonance characteristics of the corpus. 'Smce,
Ver, the acoustical properties of the wood differ from instrument to instru-
Ment, the result is a multitude of variants.
basic structure of the power spectrum of string instruments is determined by
Spectrum of the string vibrations excited by the bow. In this spectrum Fhe
I'mdamemal dominates, and the subsequent overtones decrease with increasing
ICY at a rate of ¢ dB/octave. Above the bridge resonance, i.e., above
'ppmf‘imately 3,000 Hz for violins, the power level decreases by 15 dB/octave.
Posed on this is the shaping of the tone by the corpus, which possesses a
l'g'"“mber of resonance regions, fixed in frequency, they thus are not shifted with
Pﬂfonned pitch — 4 is the case for wind instruments. For a chromatic scale,
Ore, the excitation Spectrum moves over the resonance chain, which remains




3 Tonal Characteristics of Musical

fixed in frequency, so that the tonal character can change from note ton

tonal spectra of string instruments are thus not as uniform and %
structured as those of wind instruments, but rather exhibit a greater r-
(Leipp, 1965; Lottermoser and Meyer, 1968).

b

By reason of this cooperation between string vibration and resonance b

fundamental is almost without exception the strongest partial of the g
the violin in the upper registers. This is valid for the entire range of the
the A-string from about Es, and for the D-string from about Cs on up. In
dominating fundamental appears in two especially well defined reson,
of the violin, namely around G, and between C,4 and D,. This lowest
associated with the normal mode of the air volume enclosed in the
designated as the air resonance. Below this resonance, the fundamental

power spectrum by about 4 dB per half step, so that it lies around 20-25 d]

the strongest partial on the G-string.
As an example of sound spectra of the violin, Fig. 3.15 gives m

i

results for the four lowest notes of an instrument with very good tonal g a

comparison with the chromatic sequence for a horn in Fig. 2.4, the
plicity in the distribution of partial intensities in the violin is clearly
Thus, neither a steady course of the envelope nor the domination of odd
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Fig. 3.15 Sound Spectra of a violin by Guarnerius del Gesu (1739)
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be read from the curve, rather the Sp_ectra are characterized by indil:/idlgll ggozlrllgezt
5 ich happen to coincide with a resonance of_ the COI‘pl;S. or 5, G, and A,
o s follow weak fundamentals, while for B” the third partial is
- OCtzsethat up to nearly 10,000 Hz the spectra then show individual
ma.lgCSt- Beyof larger ’intensity which show a formant-like character. For example,
misicg:fsug:tgveen 1,000 and 1,200 Hz as well as between also between 3,000 and
4,022 szi-dent, the formant location for th_e indiv_idual notes, vari'es sorfn;w(lilat, 1tS ;f
tirely possible that for certain notes, in relation to the location of bo y r.e .
4 s, no such predominant partial groups are formed. The number of nlotes w1t}.1m
::olei chromatic range, for which formants.appear, 1s therefore a typical quallilliy
criterion for the instrument, and the vowel-like tone cglor_ suppor'ts tile §0ng-l< 1 e
tonal character. For example, in the well known Stradivarius violin “Prince Kle-
venhiiller” for 40 of a total of 52 well studie':d notes, ff)nnants could be ;ilerr'lon(;
strated (Lottermoser and Meyer, 1968). In this conFext it needs to be emp la51hze
that the production of these strong partial groups, in contrgst to other tonal char-
acteristics, depends only in very small measure on the quality of the per.formancei;
Typical violin formant locations for the low notes are aro'und 400 Hz; as a fdar
“o(oh)” these sounds provide the sonority for the lower G-string. In the region from
300 to 350 Hz, old Italian violins of the Stradivarius type already show“a higher
intensity than French violins or most newer instruments (Me.yer, 1982.a; Dunnwal‘d,
1988). Through this, the tonal difference between the notes in the region of the. air-
Tesonance (about B; to D,) and the lower notes of the D-string is espefl?llly
diminished. A second formant region, covered by the vowel color “a(ah),_’ 1e.,
between 800 and 1,200 Hz, is very essential. This partial group must be considered
as particularly characteristic for the violin sound, it lends strength and sub§tance,
and prevents the nasal timbre. The exact frequency location of this formant is very
significant for individual traits within the tonal picture: in violins of Guarnenus del
Gesi tonal contributions between 1,000 and 1,250 Hz are almost always especially
emphasized, as also noted in Fig. 3.15. These instruments are therefore even
stronger than the Stradivarius violins, for which the maximum clearly lies bel_ow
1,000 Hz. Instruments with a pronounced dark timbre have the corresponding
formant evep below 1,000 Hz, that is at a tone color tending more toward an
aw)”; This characteristic is also found in several Stradivarius violins. In -thIS
context it should be noted that a spectrum with a del Gesu-like sound, with maxima
near 400 and 1,200 Hz, was perceived as particularly “well-sounding” in subjective
ing tests among a multitude of tones. (Terhardt and Stoll, 1978).
€ next higher frequency region around 1,600 Hz. which is responsible for the
cov?red tone coloring and also for a nasal timbre, is radiated more strongly by a
majority of old Italian violins in contrast to other instruments. This
1OVes a certain hardness or directness from the sound. A series of further formant
L 8ons are fesponsible for the brilliance and brightness of especially the upper
» the most Important of these are between 2,000 and 2,600 Hz, i.e., in the vowel

:e.%io;l of “e(eh),” and between 3,000 and 4,000 Hz in the region of the vowel
l % .”
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Fig. 3.16 Power level spectra of a violin, the note As is played ff on three different sf
Meyer and Angster, 1981)

formant maxima shift to somewhat lower frequencies, where especially
around 1,000 Hz is weakened, furthermore, the overtone content above abe
Hz decreases strongly. While the difference between D and A strings |
pronounced, the overtone content increases significantly in the transition
A to the E string. Fig. 3.16 shows a comparison of power spectra for As pla
the D —, A — and E - strings with equal strength. Above about 2,500 Hz, i
the bridge resonance, the overtone level of the E — string lies about 15 dB
corresponding tone contributions of the A —string, in contrast the D — stri
overtone radiation of only about 3 dB less than the A — string.

The sound spectrum depends strongly on bowing technique. The three i
quantities to be modified by the performer are: the speed of the bow, the p
exerted by the bow hair on the string, as well as the point of contact at v
bow touches the string. The bowing speed influences fundamental and @
equally, it is, therefore, the most important means of influencing ays
In contrast, bow pressure has no influence on the fundamental, ass "’:'.\
bowing speed, an increase in bow pressure primarily raises the intensity of |
overtones (Bradley, 1976; Cremer, 1981). '
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Fig. 3.17 Dependence of bow pressure on contact point for constant bow spc?ed, The. sl.la.ld.ed area
represents the actual performance region with its tonal and dynamic expression possibilities

The point of contact, on the other hand, influences the entire sp.ectrum. Thus, the
closer the contact point is to the bridge, the more bow pressure is needed. In Fig.
3.17 this relationship is represented. Below the line of minimal bow pressure, the
available energy is insufficient to maintain a stable vibration. Abov‘e the line of
maximal bow pressure, the restoring force of the string is inst.lfﬁcwnt .to f'orce
strictly periodic vibrations. Increased fluctuations and added noise 'contnbu.tlons,
therefore, cause the tonal picture to be rough, which can create the impression of
Scratching. The closer the contact point lies to the bridge, the brighter and louder the
sound becomes. However, the variational range of the permissible bow pressure
also becomes narrower. Soft sounds with covered coloration arise from a contact
point near the finger board (Schelleng, 1973; Meyer, 1978b). . .

attack noise, generated by the bow, in addition to the harmonic partial
Spectrum, belongs to the typical tone characteristics of string instruments (Lotter-
moser and Meyer, 1961). The fact that this hissing noise is a specific component (?f
!h. tonal picture has become particularly evident in experiments with el§ctronlc
IMitation, where the harmonic spectrum alone could not create the impression gf a
g instrument, As already suggested in Fig. 2.6, the bow noise receives a t'yplcal
Ooloring through the body resonances. This is the same for all notes of an 1_nstru—
ll.lent, and it stands out, especially in hearing impressions in the upper reglster.s,
here the partial spacing is greater. Irregularly excited vibrations of the air
Yolume (@round C,) of unique pitch are audible as a color noise, and so is a broader
€€ region above 400 Hz. In comparison to wind instruments, these noise
utions — Particularly for lower dynamic levels — are relatively strong

Contrib,
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for strings. For equal loudness of the harmonic tone contributions, tt
components of string instruments are by about 20-30 dB stronger than 1
instruments, with the exception of the flute. 3

The shaded area represents the actual playing region with its tonal 2
expression possibilities.

3.3.1.2 Dynamics

Dynamics for string instruments are essentially responsive to bow spe:
location of the contact point. Assuming that the bow speed, in practical ter
vary between 10 and 125 cm s~ !, this corresponds to a dynamic range of a
dB. The distance of the contact point from the bridge, between the closest a
distant point increases by a factor of six, which corresponds to an additi onal
In principle, therefore, one can count on a dynamic range of just under 40 d
range, however, cannot be fully exploited. For some notes, strong resonance
a forte easier, they also make a pp very difficult. Thus, near the air
becomes difficult to make an extreme pp speak.

The softest pp which can be performed on a violin depends on the strengfl
basic noise. This, in turn, maintains a fixed intensity from pp to beyond mfa
increases for very large playing volumes (Lottermoser and Meyer, 1961). Th
limit of the dynamic range of the violin is therefore given by the condition,
partials must extend sufficiently clearly beyond the noise. As a result, so
isolated notes have a pp power level of only 58 dB, however, this rises to
rapid tone sequences. For ff a violin reaches power levels of 94 dB
sequences and 99 dB for slow ones, so that one can count on a practical d
range of about 30-35 dB. The power level of a median forte lies n
(Meyer, 1990).

3.3.1.3 Time Structure

The excitation of string vibrations by the bow offers far greater flexil
shaping the initial transient than is the case for most wind instruments. €
less, even for sharp attacks on a violin, initial transient times are longer;
example on an oboe. On a G string, a fast initial transient process lasts almos
(see also the upper example in Fig. 2.2), this, however, is shortened in
registers. In the mid-range values between 40 and 50 ms can be expected
string the initial transient time is shortened down to almost 30 ms (Me
For gentle attacks the duration of the initial transient process can be exe
200-300 ms without having the tone disrupted in its slow development. Tll
rounded tone picture emerges. 3

Inasmuch as the strength of the higher overtones depends essentially}
pressure, their development is somewhat delayed, which does not aid a St
attack. Deliberately high bow pressure in an attack (e.g., in a detaches
creates a broad-band articulation noise, with a duration of about 50“t
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. oo this noise contains preferentially the frequencies of the strongest resonances,
the vibrations of these resonances can be heard within the total sound, partly with an
almost tonal effect, which leads to a basic color of the tone, common to all sounds
of the instrument. These initial transient effects of the resonances are most notice-
able while playing col legno, because in that case the string vibrations do not come
to full development. ' ‘

Finally, it also needs to be mentioned, that during an attack or string change, the
frequency of the note played is lowered by 10-20 cents when compared to the final
value. This also influences the aural impression of the total “initial transient”
phenomenon, even if a pitch variation does not become directly noticeable. What
is perceived is merely the less precise attack when compared to an oboe or clarinet.

The decay time for string instruments depends in large measure on whether the
bow remains on the string or is lifted. As the middle example of Fig. 2.2 has shown,
the decay time in the first case is only about 0.1 s. If the bow is lifted, the tone will
continue to sound longer, depending on the length and mass of the string. For a
violin, decay times of 1 s in the lower and 0.5 s in the upper registers are typical. For
open strings, decay times lie between 2 and 3 s. All these values are given in
relation to the relevant fundamental; the first overtones continue to vibrate at most
half that long, and the higher overtones are practically damped immediately (decay
times of less than 50 ms).

A pronounced vibrato for violinists has a width of the order of +30-35 cent.
These frequency fluctuations of the played note lead to the circumstance that the
individual overtones in their increasing and decreasing frequencies move up and
down on the flank of corpus resonances and are modulated in intensity. Depending
on whether they fall on the rising or falling flank of the resonance their intensity
pulsations occur in equal or opposite phase. This effect is clearly recognizable in

Frequency of level variation: /~—55Hz — /11 Hz;

Frequency

Fig. 313
ChangeS of the tonal spectrum with time for a vibrato in bowed strings (Violin, note As)
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Fig. 3.18: The 8th partial (at about 1,800 Hz) has its maximum at the f
maximum, while, for example, the 15th partial (at about 3,300 Hz) has its
at the frequency minimum. It can also happen that the frequency of
straddles a resonance peak, and that thus during a period of the
two amplitude maxima and minima appear. An example of this amplitug
tion at twice the frequency is the 20th partial (at about 4,400 Hz) while
partial (at about 3,500 Hz) runs through a low point, and thus corTes
pulsates with a phase opposite to that of the 20th partial.
When a pronounced higher partial is modulated in this fashion at ty
frequency, it can stand out in a penetrating way and lead to a kind of ro
the sound. While in exceptional cases individual partials can exhibit fluctu;
up to 25 dB, in most cases for frequency groups relevant to the
compensation between components of opposite phase occurs, so that the 4
senses fluctuations of the order of 10 dB. The lower partials, still perceive
car as separate, fluctuate typically by 3-6 dB below 1,000 Hz and
between 1,000 and 2,500 Hz at a vibrato of +35 cents (Meyer, 1992).
The time structure plays an important role in polyphonic chords, sin
either be attacked sharply or be broadened by arpeggiation. The left
Fig. 3.19 shows the temporal spectrum development for the notes
E, (yellow) and Cs (red). Disregarding the attack noise, one can rec ‘
G; and E, enter simultaneously and that Cs follows with a delay of about
overtones are developed slightly later. After 170 ms the G;3 is no longer e; {
is evident by the detaching overtones. For the deliberately broadly attack
gio-triad in the right picture the notes E,4 and Cs only follow the low
250 ms, this note in turn decays quickly, and only continues in the fund
and the octave partial. These two examples provide the limits of the W
possibilities for a temporal structuring of such chords.

F

pEd
sharp tone entrance E 3 broad tone entrance
| l
|

f

1 2 3

Fig. 3.19 Time evolution of tone spectrum for a three note violin chord with two different
approaches (See Color Plate 1 following p. 178)
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L ; ing is displaced slightly from its rest position and can vibrate
Mapimmtlo ch S';’rllle rzassglltssp 112 an extfeley short initial transient, which for the
nd ?ﬁer A C;IS ‘ than 10 ms in all registers (Melka, 1970). Inasmuch as the noise
B 1nv01veshti:cslsl are also excited, lie far below the actual partials in strength, the
mpol?;[iltts(;f‘the dynamic region can be reduced to 51 dB. For ff, in contrast, sc_)und
e levels up to 90 dB can be achieved, albeit only for short' durations.
Accordingly the dynamic range of 39 dB is of the same order of magnitude as for
m';,hl: ;(;:ntrinrsel;or pizzicato tones depends largely on the pIUCki(ili logat{i\on. EZI
ridge, the sound becomes rich in overtones and hard. A so
m 1::;:]::1 Z;)ovegthe fingerboard. It assu.mes a somewhat .covered chz}racter
when one plucks in the middle between the _bndge and the fingering toucb, mgce at
that position the even partials are only excited weekly and the odd partials domi-
m’l‘he audible decay, and thus also the duration of pizzicato tones, naturally
depends on the loudness of a performance. For pp it varies between 40 anq 150
ms and for ff between 350 and 800 ms. Open strings have the l.ong.est deca.y' tlme.s,
and notes of equal pitch decay more rapidly when fingered in high positions in
comparison to low positions (Spelda, 1968). Furthermore tbe upper overtones decay
more rapidly than lower contributions, as is noted from Fig. 3.20. Thus, the decay
time, as noted in the upper picture, is approximately 3 s for the fundamental a.md
L5 s for the first overtones. The influence of the vibrato on the tone gf the string
pizzicato is noteworthy. As illustrated by the lower picture, the tone 1n1tlallly sounds
more lively. It becomes notably dryer, during the vibratq since the motion of the
fingers provides additional dampening. The decay time is thus cut in half when
compared to the note without vibraro. In the example pictured, toTlh..S s fffor tth.e
ental and from 0.7 to 0.8 s for the subsequent overtones. This effect is
unnoticed by many string players (Meyer, 1992). .
Placing a mute on the bridge dampens primarily the high-frequency contribu-
tions, However, there are some additional effects, the details of which depend on
the nature and the weight of the mute. With increasing mute weight, the' resonance
of the body, normally found at 400 Hz, is shifted to lower frequencies. It thus
approaches the air resonance. This leads to an increased intensity of the fundamen-
tl for the 1ower notes of the D string. A determining factor in this is also the
ftl'ength and the weight of the bridge, so that the effect varies from instmmen? to
it ent. Resonance shifis can also occur in the region of higher frequencies,
Out, however, causin higher intensities than for normal play.
amount of pitch-dfmp%ng is important in its effect on tone color. qut mutes
. Pencomponents down to those frequencies which lie above nasal contributions.
A Tesult, the nagy| tone is created which frequently is considered typical for
v.lohl_ls With mutes, Particularly light mutes naturally cause the least change,
€ a somewhat lighter and barely nasal tone. They are especially suited for
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Without Vibrato

Frequency

Frequency

Fig. 3.20 Influence of vibrato on tim

2. e evolution of the t i
(Violin By) of the tonal spectrum of a sﬂ'msk_

low passages, for which the resonance shifts, mentioned earlier, toward the
nqtes of the D string caused by heavy mutes would be disturbing. On the 0 he
this type results in a very soft and covered sound for the A and E strings, sinc
also reduce the nasal contributions. However, this does require a weight of abt
Wl'-liCh is available in a five prong steel mute, for example. Through the 0
suitable mutes, a number of different tonal variations can be achieved.

mutes a reduction of radiated sound power of the order of 6 dB results. F¢
heavy mutes this can amount to 10 dB.
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«Harmonics” (also called flageolet tones) are played by gently touching the
string. The fundamental of the open string is also excited very weakly by
the bowing noise. The noise background thus receives a character similar to the
flute, resulting in the unique timbre of such tones. Since the excitation for these
tones is rather critical, the initial transient is somewhat longer than for normally
fingered notes, however, because of the relatively large energy of the entire string
vibration, the decay time is quite large. The dynamic range is around 20 dB,
significantly narrower than for normal tones. It is possible to play a very gentle
pp with a power level of 64 dB, however, the upper limit of an attainable power
level of 84 dB is very low (recalculated from Burghauser and Spelda, 1971). For so
called “artificial harmonics,” which are created above a fingered note, the dynamic
range is yet more stringently reduced.

332 The Viola

332.1 Sound Spectra

Tonal characteristics of the viola naturally resemble those of violins in essential
features (Fletcher et al., 1965). Lower tuning (by a fifth) of the viola extends the
range down to C; (130 Hz). This means that for the lowest radiated frequency the
Wwavelength is 1'% times larger than for the violin. The dimensions of the viola,
depending on body size, however, are only from 1.15 to 1.2 times larger than for
violins. Thus, the typical resonances are lowered by significantly less than a fifth
when compared to a violin, and the tone color is not that much darker, which would
comespond to a tuning lowered by a fifth. Therefore, many attempts have been made
1 build larger violas in an effort to increase the fullness of sound in the low register.
The air resonance of violas generally lies in the neighborhood of A3, around 220
Hz. COHeSpondingly, the amplitudes of the fundamental of the C string are very
Weak. For Cy they can lie by more than 25 dB below the strongest partial. The low
NOtes of the viola have their largest intensity in the two resonance regions around
220 and 350 Hz. These two fall into the vowel region of “u(0o).” They provide
s“IT’.St«'mce for the tone. Further formant regions, which primarily affect the mid-
Tegister and high notes are located around 600 Hz, which is near the transition
€en .lhe vowel colors of “o(oh)” and “a(aw),” as well as around 1,600 Hz. The
Maximum brings out the frequently noticed nasal timbre of this instrument
group. As.a whole, the intensity of the higher overtones is less than for violins.
_tl;_e:::;ing ane is therefore not as brilliant. In good violas, however, the timbre is
“ice)” (be}t, brightened by a secondary formant in the region of the vowel color
ween 3,000 and 3,500 Hz). This also weakens the nasal effect.

3322 Dynamicg

The lf)wer limit of the

: usable loudness region for the viola lies slightly above that of
Violin: Ip, the low " -

registers slow notes can go down to a power level of about
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] this time is not exceeded (Melka, 1970). However, violin intensities are not

67 dB at pp, and in the regions of the D and A strings to ab t6 ] ? .
pp g g out 63 d For ff the power level is about 90 dB, and for chords over all four strings

contrast, the radiated power level is somewhat lower than for the v

about 95 dB, and only the rarely used pitch range above Cg drops to valye s value can be raised by 3 dB. The softest pp can be ;fislslunclled wbe aboutrSezu?tlz,
dB. For rapid note sequences the usable dynamic range drops to a regjo; hat even in regards t(? tl?e lower limit a narrowing of the dynamic range ,
dB. Accordingly, the dynamic range of the viola is slightly less th yen compared to the violin.

violin, which is also related to the somewhat more sluggish initial tra i
extreme registers. As with other bowed string instruments, the influe nce
mance technique on the higher overtones is small. The “dynamic tone o]
lies near 1.1. With a value of 87 dB the power level for a median fo,
lower than for violins.

Only when playing harmonics does the viola exceed violin radiation i
dB. The reduction of radiation by using a mute generally does not reach
values as for violins, since mutes in relation to bridge mass are not as h
reduction of about 4 dB can be expected.

‘The decay of pp tones lasts 50-150 ms, for ff, pizzicato tones rea.ch.a duration Qf
( ".u ms (Spelda, 1968). These values are similar to those. for violins. A.cenam
Frerence comes from the fact that with the viola the open strings decay not{ceabl'y
o (500 ms on the average) than fingered notes (about 400 ms), while this
fference is not as pronounced for violins.

Viola d’amore

though the Viola d’amore blossomed already in the time of the Baroque anq the
classic period, this instrument, with its peculiar tone color is found occasion-
n modern operas such as “Katja Kabanova™ or “The Affair Makropoulos” by
nacek, or “Louise” by G. Charpentier. These examples follow H. Pfitzner, who
the instrument in his “Palestrina,” and G. Puccini, who used its peculiar sound
as an accompaniment of a choir behind the stage in “Madame Butterfly.”
‘The large tonal range from A (110 Hz) up to the height of the 6th octave, as well
s the drone strings constitute the essential difference of the seven-string viola
0r€, in contrast to other bowed string instruments. When the instrument is
d, the drone strings respond with their fundamental frequency or overtones
eby emphasize various partials in the tonal picture. When — as customary —
strings are tuned to a D-major or d-minor chord, the tonic and dominant of this
Teceive particular brilliance, however, sympathetic resonances are found also
other keys. If, on the other hand, the drone strings are tuned to a group of
ghboring half tone steps — e.g., from Ej} to B} without A, (Stumpf, 1970), a
rmant-like tonal effect is achieved in the region of the vowel color “o(oh),”
‘ever, the purity of the tonal picture is easily compromised by beats of decaying
i€ string vibrations. Good instruments already have a strong body resonance
ar Fy, which effects a tone coloring in the direction of the vowel color “0.” In the
Tegister two additional formants are added near 650 Hz and 1,000 Hz, which
the basic tone color toward “a(ah),” while in the low register an air resonance
210 and 249 Hz leads to a timbre similar to a viola.

3.3.2.3 Time Structure

In spite of its larger dimensions, for sharply attacked notes the vi
require a longer time for full tone development when compared to
fact, frequently even shorter initial transients were noted. Accord
transients for staccato notes occupy about 30 ms. These values are v
the lowest registers, where the open C string can exhibit an initial transi
(Melka, 1970). This result not only requires optimal conditions for stri »
but it is also deceptive in as much as it covers the fact that the already wea
tonal contributions do not reach their final intensity in such a short timg
hardly annoying for long notes. However, for very short notes the tonal
the instrument is shifted toward a brighter, and often nasal tone color.

The possibilities for expressive shaping of an attack are not equal |
ranges of the instrument. Thus, in the range of the C string the initial t
be broadened only to 100 ms by an appropriately soft attack. With risi
variation possibilities increase. On the A string, tone development ti mes
than 200 ms can be achieved in the upper registers. In this context it is ne
that these soft attack values for the viola are also less than for the vio
they exhibit a tendency opposite to the violin: in a violin the lower n
strongly influenced than the high ones. 1 =

For the viola, the decay time is negligibly longer than for the violin. For 333 The Cellp
bowing, values around 1 s are observed for fingered notes in the mid- °g! W
3—4 s for open strings. As is the case for violins, overtones decay more

; \
the fundamental. Spectra

12 lowest note of C, (65 Hz) in the tonal range of the Cello, it is located an
e low the Viola. This difference in tone location also corresponds quite
i y 10 the frequency distribution of the main resonances, and thus to the basic
€ color of the cello sound. The air resonance for most instruments is located near

3.3.2.4 Pizzicato

The initial transients of plucked strings on a viola are nearly as short :
violin. Only on the C string is this transient slightly longer than 10 m
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110 Hz (A,). Below this resonance the radiated power leve] drops at g
octave. The lower contributions, particularly the fundamentals of the
therefore have lower intensities. They can be up to 12 dB weaker than the
partials, when they fall on pronounced resonances as is the case, for exay
F5. The limited radiation of very low frequencies is especially apparent
lowest string is tuned to B®, as required, for example, in the slow move
R. Schumann piano quartet.

The richness and sonority of good instruments is achieved by
regions, which are located around 250 Hz and between 300 and 5|
causes a vowel color between “u(00)” and “o(oh)” of the lower tWo sti
upper registers, an additional partial group gains in significance. Theijr ,
depending on the character of individual cellos, lie between 600 and 900
thus fall into the color region between “d(aw)” and a dark “a(ah).” In the T
region of the bright a(ah)-formant, that is between about 1,000 and 1 i"
sound spectra of cellos have a pronounced depression, which is follow
bridge resonance around 2,000 Hz. f

This resonance structure of the cello body leads to the circumstance tha
region between about 200 and 2,000 Hz, a pronounced wavy nature is
imposed on the approximately 6 dB/octave drop of the power spectrum, as
from the excitation. This causes the power level to fluctuate by +5 dB |
steady 6 dB drop/octave (see also Fig. 7.16). This wave nature is more ¢

pronounced than in the violin and therefore leads to greater tone color «‘
between notes separated by about a fourth or a fifth. Above about 2,000
spectra of the lower or middle registers drop with a slope of about 16 dB oc
the upper register this drop is more shallow with a value of 10 dB/octave,
tones in the whole can become very rich in overtones. &

3.3.3.2 Dynamics

By reason of its size, a cello certainly can radiate more sound energy than ¢
however, at higher frequencies it becomes clearly noticeable that the relative
front and back plates vibrate in highly subdivided patterns, where neighbor
vibrate out of phase, causing an acoustic short circuit. The overall sound rad
thus of similar order of magnitude as for a violin. For rapid scales over a
range, the power level can be varied between 74 and 96 dB, for slow individ 1
between 63 and 98 dB. Above Gy the ff levels, however, move around 90
the practically useable dynamic range covers from 25 to 30 dB. The medi
with a power level of 90 dB lies by 1 dB above the violin. The “dynami(f
factor” again lies for most notes around 1.1. When the strongest parti
pronounced resonances this is reduced to 1.03. This means that a cont
between tone color and dynamics is almost non existent for these tones.
It is worthy of mention that played harmonics are especially easily 2 -
and consequently can be played particularly softly: down to below a power »
62 dB, which is softer than for violins and violas. The influence of mu ‘
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‘ the lower limit of the loudness region. A pp can l')e dampened down to
st r_o;:a mute, without concurrently reducing the dygamlc range: for ff, 89 dB
55dB ::;heless possible, resulting in a variation possibility of 34 dB.
are nev ¥

¥

m .3 Time Structure

g

: i itched string instruments, the initial transients of higher
e casaitif;l; ?::ilglelrtﬁétiillflnal vahgles more rapidly than the lower components.
m{)fe, noise components arising from the attack qf all resonances are
Qecially pronounced at the beginning. Since the ?ow.er partials, however, exhibit
significantly longer initial transients than in a violin, 1..e., betwgen 6Q an(; IO(})1 ms
(Melka, 1970), it can happen for notes of short durat10r_1, that, in spite o a.ls all;p
staccato attack, only the high frequency partials reach their full amplitude, Whl e the
low partials radiate only weakly. As a result, as alre_ady suggested fpr violas, the
tonal picture of fast passages lacks the desired sonority, -and empl.lasues the nase'll
and noise-like contributions excessively. In interaction with other instruments, t.hlS
characteristic of the cello must be considered during fast stgccato runs, so that lend
players should not perform their staccato too pointedly. Th1§ should help to achieve
auniform expression for the passage. A typical example is given by the solo quall'tet
of Flute, Oboe, Violin and Cello in the “Martyr-Aria” in Mozart’s “The Al?ductlo'rl
from the Seraglio,” where both strings frequently have difficulty in adapting their
tone production to the staccato of the flute and the oboe.

In contrast, for slow passages the cello tone can be attacked and developed very
softly. In the low register, initial transients of over 300 ms occur in that setting. For
the high A string the tone development takes about 200 ms. )

The decay time for a cello is significantly longer than for a violin and a viola.

is is caused primarily by the longer and heavier strings. When the bow d(?es nf)t
Temain in contact with the string at the end of the note, values of 2 s are obtained in
the middle and lower registers and 1 s in the upper register for fingered notes. For
Open strings the decay time lies near 10 s for the C-string (since no resonance can
EXtract energy from the fundamental) and near 5-8 s for the higher strings.

As is the case for the violin, for a vibrato, the frequency modulation caused by
motion results in Jeve] fluctuations of individual partials. However, except
3 Wolf — tones, these fluctuations are not very pronounced in the low regisFer,
1€ below 300 Hy. Furthermore, there are hardly any individual notable h¥gh
; NCy partials which are perceived as penetrating. The Performer’s attention
i therefol-e demanded primarily for partials in the range of 400—1,200 Hz when
they faly on the edge of a very pronounced resonance.

3334 Pizzicato

m}arge string length of the cello provides the performer with the possibility of
"‘l'ylng the piz

. Zzicato over a particularly broad range of expression. It is thus
Possible (o Create a pp with a short duration sound power level of 51 dB. Such a
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low level is rarely found for other orchestral instruments, particularly w "
ing that in this context the strongest components occur at frequencies fory
ear is relatively insensitive. In contrast, for ff the same levels can be p
con arco, for individual partials then lie in the region of 90 dB. A four sr
can even reach nearly 100 dB (recalculated after Burghauser and Speld
This large dynamic range naturally also involves great variation in
In a pp individual partials can be heard for 50 to 200 ms, for high loudne
persists from 400 to 1,400 ms. For open strings these values move sor
above I s, while for fingered strings they are shorter, depending on the Ie;
vibrating string portion (Spelda, 1968). If a very dry,

L.e., short pizzicato is
this can be achieved by damp

ing the string by means of harmonic fingeris

3.3.4 Double Bass

3.34.1 Sound Spectra

The double bass is among the lowest instruments of the orchestra.
instruments reach down to E, (41 Hz), the lower limit of the tonal
five-string instrument lies near Ci (33 Hz) or B, (31 Hz) (Planya
depending on tuning. The air volume resonance, the lowest reson
instrument, lies, depending on instrument construction, between ap pro;
57 and 70 Hz, which is nearly an octave below the lowest note. Conseque
fundamental of C, has a level which lies about 15-20 dB below the st 1g
contributions. This difference increases with increased air resonance freqt

For the low double bass tones, the most important tonal contributions
between 70 and 350 Hz. They provide the dark color and richness for
However, they do not create a vowel-like character, since the formant re
“u(00)” begins above this range. A secondary formant near 500 Hz ro
tonal picture in the low registers with a tendency toward a dark “o(oh).”

frequently an additional formant appears near 800 Hz, which in color :
transition between “d(aw)” and a dark “a(ah).” However, the frequency loc
this additional maximum varies, depending on size and construction of th
a whole, in the double bass, the tendency of a drop in power spectrum bety
fundamental and the bridge resonance by 6 dB/octave, is evident
furthermore, a resonance dependent waviness of about +3 dB is superimg
this uniform decrease.

Noise contributions to the tone of the bass frequently reach upper
beyond harmonic partials. Thus a specific mixture appears in the tonal pi
described as a “buzzing.” This becomes especially prominent when the
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3342 Dynamics

ound power level of the double bass as a whole is
- ooml:;r;(irt-()]?h::ea]liloe’r:; jsforte lilzs near 92 dB, for ff, the doub.le bass reaches
s > dB96 (giB f;)r rapid tone sequences, and for individual notes it even I'ethCheS
g ially the region around A; and A,, as well as some notes in the
e ounced body resonances. At pp the levels move
Qoo > pr(::lces and 66 dB for individual notes, where the
B e, Seql;le la ;ad particularly sensitively. Thus, in practice,
mdymomfithe SCCOM; ;)gt—zv(f dclgncan Erec}lluently be realized. Especially critical are fast
:ﬁ pass:gzasllgt'f)r() which the level of the double bass can hardly be lowered to pp,
| ’ to be addressed (Meyer, 1990). '
'h':leaurefll:tti‘:)sn:gp between dynamics and tone color in the d(?uble blz:ssdm n?;i;
worthy. Only in the upper registers does the 9vert0ne content“rlse as t e yna010r
level increases: As is the case for other string mstruments, the “dynamic tor(lie.c o
factor” has a value of 1.1. However, in the first octave it drops to 0.8, an.bntl. :
second octave to as low as 0.6. This means that the stron'ge.st t9ne C(}HII‘I l1;1 10fnr
change more than the higher components. The reason for this lies in thef a;t tha nt(;l
low playing volume the bow pressure is reduced so much, that the fundame
vibration of the string is no longer fully developed. The tone thus.loses substance
and becomes more tender and gentle, and can also obtain a nasal t1¥nbr.e.

The greater loudness of the double bass in comparison to other smpg mstrum;;nts
also appears for harmonic fingering, for which the power level can rise to 91 d ?t
Jf. and can be weakened to 74 dB for pp- However, the overall level o.f the double
bass can be reduced especially by employing a mute. The reason for this appears to
be in the fact that the tone contributions which are effectively damped by the mutf:,
lie in the frequency region of large ear sensitivity, while the low t0n§ components in
the region of relatively closely spaced equal loudness curves (see Fig. %.1) decrease
noticeably in their perceptive impression even for a smaller decrease in level. The

ics of a muted double bass cover a region of about 68-88 dB (recalculated
alier Burghauser and Spelda, 1971).

3343 Time Structure

'-A.Saresult of its size, the double bass, in its low registers, requires significantly more
"me for the initjal transients than the higher string instruments. Even for sharp
Altacks, the initial transients in the region of C; require over 120 ms, only from C; on
,‘pm Values of below 100 ms achieved (Melka, 1970). However, the higher tone
ibutions have a shorter initial transient, so that in an even stronger measure

in the cello, a tone color change results for notes of very short duration: Tl.le

" Components, which otherwise determine the fullness of the tone, remain
ek, and the contributions in the region of nasal formants determine the
impmSSion. Furthermore, for fast staccato passages, the relatively strongly
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pronounced noise development during the attack becomes especially notig
in a positive fashion, this brings about a rhythmic articulation of such p

For a broad tone development, the initial transient in the upper re _,,
double bass requires about the same time as in other string instruments (
ms), in the lower registers the spectral development requires more tj e.
notes around C; can reach initial transient times of about 350 ms, and near
more than 400 ms. Open strings, however, do not permit such a soft atta
G, string does not have initial transients longer than 180 ms (Luce and €}
Melka, 1970).

The decay times of the double bass are slightly longer than for a
fingered notes they are of the order of 3 s, and for open strings near 10's, As

Fig. 2.10, these data refer to the lower partials. The decay time of higher
in the region of 0.5 s.

3.3.4.4 Pizzicato

In spite of the low frequencies, the pizzicato tones of the double ba
extraordinarily short initial transients. The open C — string requires only ¢
ms. For higher positions the initial transient time drops steadily: for C, i
about 25 ms and drops to less than 15 ms above Cj. Thus in all regions
pronounced tone placement is possible (Melka, 1970). :

Dynamic limits lie about 3 dB higher than for the cello. A sound po
93 dB can be achieved for short durations at ff, for pp this can be reduced
which corresponds to a range of 33 dB; accordingly, the dynamic possib
pizzicato are greater than for con arco (Spelda, 1968).

With a maximal perceived tone duration of 1.6 s at ff, the double bass ex
other string instruments. However, this value applies only for the three mi
strings, yet a median value of at least 1 s can be assumed for all registers. F
which are fingered in the higher registers, the decay time is reduced by 2 bou
the value for the same note on the next higher string. Even when playing ver
the notes continue to sound for 400-500 ms, which is significantly longer i
cello. v

As is the case for the other string instruments, the low tonal contribution
significantly longer decay time than the higher ones. This results in a v
geneous tonal effect in pizzicato for the entire string section, since this d :
decay time in relation to the spectrum finds a parallel in the decay time 0cs
the higher instruments. For pizzicato — chords which include all string >
uniform tendency of frequency dependence in decay time results, which ca ;
a bell-like effect. A pronounced example for such a tonal effect is found i

Symphony of P. Tchaikovsky, an excerpt of which is represented in scom
9, where, in spite of the dynamic indication of mf, the skilled composi ;. X
open strings enables a wide vibrational amplitude for each attack. Yet it18
more astonishing to experience orchestras which deliberately avoid open St
appropriate fingerings and divisi-performance, in order to create as soft

possible, which likely does not correspond to the intent of the composer- ;
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:—’. ample 9 P. I. Tchaikovsky, Symphony No. 5, 2nd Movement, measure 108 ff
34 The Piano
34.1 Sound Spectra

No stationary state is created for the piano sound, since there is no uniform
continuous excitation. Nevertheless, quasi-stationary conditions can be assumed
as an approximation at least for short durations. As a result, spectra of.p.artials can
Mtamly be used for the tonal description of the sound during its initial phases,
however the time structure, and above all the decay behavior play a much more
important role than in string and wind instruments.

The sound spectra of the piano are in large measure determined by the souqd
radiation characteristics of the sound board, which has its strongest resonances in
the region of about 200-1,000 Hz. For larger instruments, resonances can even
appear between 100 and 200 Hz, which lend additional fullness to the lower register
of the tonal range. Furthermore, depending on instrumental construction details,
Tesonance effects between 100 and 200 Hz can be intensified, which aids the
Mﬁmee of the tone (Wogram, 1984).

Accordingly, for the largest portion of the piano sounds, the fundamentals of the
ial spectra dominate. Only in the two lowest octaves of the tonal range, the
ty maximum is shifted to overtones in the frequency range of about 100-250
Hl Below this amplitude maximum, the strength of the partials decreases with a

of from 12 to 15 dB/Octave, so that the fundamental of the lowest note A

3 Hz), with a level of 25 dB, lies below the strongest component.

Ve this amplitude maximum, i.e., in the middle and upper registers, the
€velope for Most pianos decreases quite steadily. The average level decrease of the
Envelope beloyy 1500 Hz is of the order of 10 dB/Octave, individual partials in
s L, depending on their location near resonance peaks, or between resonances,
1520 enhanced or attenuated by several dB. Above 1,500 Hz, the spectra drop by
B dB/Octaye, For tones near Cs (4,100 Hz) this means that the spectra only

cqmm Fhree partials, where the octave component is so weak that the sound looks
almog like 3 pure sine wave.
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Tone color determining formants are rarely found in grand pianes op.
They only appear in very few models between 500 and 2,000 Hz. In ¢
grand pianos, upright pianos have a tendency to emphasize certain freq ‘,."
between 100 and 350 Hz. This is based on resonance effects of air enclo
piano housing and, depending on the location of the piano in the -
resonance effects of air between the wall and the piano sound bog
lend coloration to the tone which is independent of the fundamenta] ¢
particularly noticeable in multi voice playing. A grand piano on the g n‘i
more suitably adapted to variations in register (Bork, 1992), :

A peculiarity of the spectra for some models, or at least for some
range, consists in the fact that certain partials are suppressed, or are reg ced
by locating the hammer impact point at a whole number fraction of tk
length. For example it is often attempted to weaken the seventh pa
multiples by locating the hammer impact point at 1/7 of the string |
object is to avoid the roughness of the seventh. This concept, however, i
effective for short tones, since the amplitudes of these partials adjust thems

neighboring partials by mutual energy exchange for vibrations of longer d
(Meyer and Lottermoser, 1961). ]
Two further characteristics, which participate in the development of th
sound timbre, are the inhannonicity of the overtones, and the noise contributi
latter are significant primarily during the attack, however, they are also obs
the spectra. Their frequencies reflect the resonance distribution of the in '
Thus, the strongest noise contributions are to be expected in the range from al
to 750 Hz. In the highest registers of the tonal range, their level can reach
the fundamental of the partial spectrum (Wogram, 1984). Inasmuch as the re
of the noise lies far below the fundamental, it is no longer masked by the actt
and thus becomes particularly noticeable. a
In contrast to instruments with stationary excitation, the overtones of
sound do not have a strict harmonic frequency location, but are stretched, 1
are located slightly higher than the whole number multiples of the nd:
frequency. This stretch is especially evident in the upper registers, howeve
also be noticed in the mid and lower registers. The amount of the stretch
differ significantly between grand and upright pianos, so that inharmo
trary to earlier opinions, does not make a contribution worthy of men
general tonal difference between them (Bork, 1992). Rather, it represe:
characteristic for both instrument types.
Finally, longitudinal vibrations need to be mentioned. They can le@, 1
coloration to the lowest registers. Usually the longitudinal partial, whick '
frequently inharmonic, lies between the 12th and 20th partial of the‘
spectrum. Its frequency location cannot be influenced by the usual tunif
dures. It is thus located in a region of good sound board amplification
high ear sensitivity. As a result it is perceived as disturbing when pla
since the longitudinal partials for different strings occur at different freq ,
are thus perceived as nonsystematic frequency jumps (Bork, 1989; Conklin ;
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of i.e., shifting longitudinal partials to harmonic frequencies, is only possible
:dlweg,hl.a I‘)’propﬁate choices of string materials.

342 Dynamics

i ic range of the grand piano is primarily determined by the key
:l:cﬂl‘: tiltuies(zillysr:)ag;lcuencid by the use of the pedals and the position of the lid. When
phym,g scales in two voices the sound power lev<?l at ff can reach f:lround 104 dB;. In
the low registers it can be 1-2 dB higher than in the upper registers. The. va u}f]:s
apply with open lid, without the use of the right pedal. Use of the pedal ra1§es the
power level in the low register by 4 dB, in the upper register by 3 dB. Closing the
lid, on the other hand, lowers the level by only 1-2 dB. In pp dual .scales lead to a
power level of the order of 88 dB without essential influence by register. Use of the
left pedal lowers the level only by 1 dB, closing the lid effects a fgrther c}ecrease by
2dB. For individual notes the pp can be further reduced, so that itis posmble? to drop
to a sound power level below 65 dB. When one further considers the le'vel increase
due to a full two handed performance, the dynamic range of a grand piano rises to
roughly 45 dB. g

The felt surface of the hammer is increasingly hardened by contact.wuh increas-
ing strength of attack. Consequently, the exciting impulse becomes qcher in over-
fone content with rising dynamics (Askenfelt and Jansson, 1990). This means, that
for the spectrum, an increase in 1 dB of the strongest partials, a corresponding rise of
about 2 dB (for some grand pianos as much as 2.5 dB) is observed for_ overtom_es
in the region of 3,000 Hz, so that the tone of the open grand piano gains both in
brilliance and brightness. When closing the lid, however, the higher frequency
contributions are damped about twice as much as the strongest partials.

343 Time Structure

Inasmuch a5 the excitation of the strings is caused by the impact of the hammer, Fhe
of Impact, on the one hand, and the contact duration, on the other, determine
the tona development, where the hardness of the hammer felt also plays a role. For
Upright, anq grand pianos, therefore, an initial transient results, the duration of
"hiCh has the same order of magnitude as is found for a pizzicato in bowed string

~oments. In the lower registers the initial transient lasts around 20-30 ms: for
Individua) notes, favored by resonance conditions, this is reduced to 15 ms. In the

Tegister the initia] transient is reduced to values between 10 and 15 ms
lka, 1970).

B attack noise is a characteristic peculiar to the piano. The example of the
fransient for the C

6 in Fig. 3.21 shows various noise components in addition

Partials. It s noteq that the low resonances of the instrument are excited, they
Vibrate OVer a time period of 100 ms, or even more, and give a certain color to the
Tmore, between 600 and 2,500 Hz, a clicking noise of short duration is

. Furthe.
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Fig. 3.21 Time evolution of a tonal spectrum for a grand piano (played note Cg)

recognized. It only lasts for 25-40 ms, and provides the attack with a certair
articulation. Finally, the actual partials are accompanied by side bands,
caused by a very brief excitation of neighboring strings. These, ho
masked in the perception processes in the ear. =

Noise components in the attack provide important contributions to th
variation possibilities obtainable by the nature of the attack. They result
various motion processes in the keyboard mechanism. While, during
attack, the key is accelerated uniformly, the staccato motion of th
characterized by layered fluctuations, which are transmitted on to the I
motion (Asklenfelt and Jansson, 1990). However, the high speed of the key
is also transmitted to the frame and sound board in the form of a fo
through the key support, so that even before the hammer impact on the st
audible noise can be created (Askenfelt, 1993). Figure 3.22 shows th
transient for a staccato and a legato attack (Koornhof and van der Wi
the time of hammer contact with the string is given by “0.” This rep e
where a coarse frequency resolution was chosen in favor of better tempe 5 !
tion, clearly permits observation of the preliminary knocking noise, the du
which is barely 40 ms. Listening tests in a concert hall have shown that thﬂ
or absence of such articulation noise is clearly discernable. The assumption
is of course, that this noise is not masked by an earlier tone. In this sen
performance, rests in large measure on the temporal overlap of tones by
of the connection, including pedal technique.

34 The Piano
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staccato

Fig. 3.22 Influence of attack technique on the noise components of initial transients for a grand
piano (played tone: Cs; after Koornhof and van der Walt, 1993)
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_"3-23 Decay behavior of a grand piano (after Weinreich, 1977). Left: Sound board vibrations
W planes, Right: radiated sound at two microphone positions

The temporal fine structure during the decay belongs to the most important tonal
teristics of the piano sound. When the dampers are lifted from the strings, i.e.,
ssing the right pedal, the sound can be followed for 10 s or more. Initially
.sity decreases more rapidly, and subsequently decays over a longer period
In the regjon of decreased loudness. The reason for this can be explained in
CONtext of Fig. 323: the initial impact on the string occurs in a direction
dicular o the sound board; in this direction the sound board is in a position

: c't energy from the string in relatively strong measure, as shown in the upper
%Pama] picture indicating the amplitude of the sound board vibrations. In
on, string vibrations parallel to the sound board are formed, though much

inten:
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Fig. 3.24 Duration of the first, linear decay phase for individual notes of a g
Meyer and Melka, 1983)

weaker. Since the sound board presents a much higher impedance for tr
such vibrations, this energy transmission process is much slower (left
image). The radiated sound field includes a superposition of these
forms of vibration. Depending on the relative phase of the two com
decay process of the sound field surrounding the instrument can prod
time structure (Weinreich, 1977). In principle the time evolution o
process can be represented by two straight lines. The first of these d
relatively steep slope from the maximum amplitude, while the second
decay with a noticeably shallower slope. This time structure is indepenc
dynamic level of performance.

The decay of short notes is determined exclusively by the slope of

J
1

Sound level

1 1 1 1
: . . . . 5 3 N 0 5 )
phase. The duration of this first linear phase is represented in Fig. 3.24 @ 0 o o @ u['.“ @ “‘-w 2 o
: ) i |
of a grand piano, where the time scale js indicated by note values 2 o ('5_ . (-'3, i I
indications at the right side of the graph. The strong scatter of indivi = =

noteworthy. An explanation for this is found in the variations of the
and also in the variations in the level for the onset of the subsequen
This contributes significantly to the tonal animation of the instrument.
can be said that in the low register the first decay phase corresponds to a h
at least a quarter note at a slow tempo, while in the mid register it i :
fast quarter notes, and is limited in large measure to allegro eighthﬁ
upper register.
The determination of the decay time for this first decay phase is best
slope for a level decrease of the first 10 dB (subsequently recalcula
This is in analogy to the “Early-Decay-Time” in room acoustics (:
Since this initial decay time can differ by up to a factor of 2 for neig

Half-octaves

= Decay times for grand pianos and upright pianos (Median values for half octave

a Top: Level difference between peak level and onset of the later decay phase. Bottom:
“4iand later decay (ime

4 Sequence for a tone scale is represented in Fig. 3.25 in such a manner,
“ M each case 4 median value was formed for all notes within half an octave:
Mg With values of 10's, the initial decay time drops with rising pitch by a factor
B PET octave. This regylis in values around 3 s in the middle register, and
B 06and 1.4 in the highest registers. Grand pianos and uprights exhibit the
rlbndency (Meyer and Melka, 1983).
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The duration of the initial decay time is primarily responsible for the
characteristic of the melody line and the connection between the notes
music. When individual notes of an instrument exhibit particularly s
times, they give a dull and dry impression and they drop out of the o
picture. The threshold for detection of differing initial decay tim
depends on their duration. From a simplified approach it can be i
decay times in excess of 4 s, changes of about 25% are necessary
difference. For decay times of between 1.5 and 3 s, changes of 15%
for decay times of less than 1 s, changes of 10% already suffice.

Notes of long duration are needed for the subsequent temporal fine s
the decay process to gain significance. The essential characteristics o
decay time (again referred to a level decrease of 60 dB) and the lev.
between the peak value and the break value are represented in Fig.
average, the values of the later decay time move around 20 s for the
the tonal range, where individual notes can have a decay time of as lon
the upper register the later decay time is reduced by a factor of about 1.9
and thus reaches a value of between 2 and 3 s for the highest notes.
differences between grand pianos of different manufacture result from tt
the longest values of decay time occur in different registers. Thus for ii
which emphasize the low notes the longest decay times fall into the.'
while others, by preference of the mid register, have a more round ed,
whole, less-full sound. E

The level difference between the peak value and the breaking point :
early and late decay is shown in the upper portion of Fig. 3.25 as additic
information. Again, mean values of half octaves are considered. The dE
adjacent isolated notes can vary by up to 30%. The threshold of hearing
lies at around 3 dB. It is a characteristic of almost all instruments that |
decay in the low registers begins at a relatively high level. The break
however, drops steadily up to the mid register, so that the first decay pha
shows a linear drop of over 30 dB within the middle (C4) octave. The
gains clarity, without causing the flowing character to suffer, assumin
ly long decay time. In the upper registers the level of the slower :
noticeably. Because of the shortness of the decay time, this does not *».
the clarity of the tone picture, and furthermore, it supports the tonal co;
higher notes. In addition, particular emphasis needs to be given to
the level difference between the maximum and the transition from the
the slower decay does not depend on the strength of the attack. In cont
of the slower decay can be raised by several dB by activating the left pe
enhances the effect of the decay. -

The representation of the decay process by use of a broken line (as
of Fig. 3.25) does not yet give a complete description of the time depen
structure. It is true that level trends of that kind are the norm in low reg
the upper registers, level curves frequently show a superposition of beat:
tions onto the regular level decay curve. Already in the mid-registers from -
of the notes are affected by this. From the Cs octave upward this includes

‘ 4 o J =60
L . N J J ey
. \-—/\ '\ J J=60

J J =120

45

Sound level —
.
L ]

. -100
t;?;:—- ) . J’\‘ j =120
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26 Time location of the first beat maximum in the decay processes for a grand piano
easurement points for individual partials) and an upright piano (enclosed region of spread)

r 90%. The first maximum of these “beats” follows the tone onset after about
in the lower half of the keyboard, for higher registers this delay is reduced by a
of about 2 per octave. As shown in Fig. 3.26, this breathing of the tone is gnly
able in the lower registers for relatively long notes, while in the upper register
ady becomes significant for rather rapid tone sequences. In general, this first
at” maximum lies about 10-20 dB below the level of the initial peak, however,
"vidual notes this level difference can assume values between 8 and 35 dB
veyer and Melka, 1983). It should also be noted that the temporal level fluctua-
oceur even for well tuned pianos. This is caused by changes in the direction of
1g vibration, furthermore, differences in inharmonicity between the three strings
iated with the same note can play a role.

- The Harpsichord
Sound Spectra

't l'_’aTPSiChord, as in the piano, the frequency range of the most strongly radiated
“C Intensities are determined by the main resonances of the sound board. They
ﬂ?e range of 200-800 Hz. Depending on construction details, the maximum of
llt.hated sound is found between 300 and 600 Hz. As determined by the process
' String €Xcitation through plucking, the string excitation is much richer in
‘€Ttones than for 5 piano. In addition, the inharmonicity of the strings is signifi-
WY less than for piano strings. In the low registers of the harpsichord, at the 50th
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J counteract a nasal sound caused by an additional lowering in tpe
- t?egion around 1,500 Hz, when the harpsichord is amplified above its
loudness (Thienhaus, 1954).

3
>

3 Time Structure
e

partial, a deviation from the harmonic frequency of about 15 cents is ug
deviation of 30 cents is already considered to be relatively high. For the.
on the piano already the 6th partial lies 30 cents above the harmonic fre

Below 200 Hz, the radiated sound energy drops with a slope of mg
octave, so that only very weak partials can be expected. Consequent]:
registers the strongest partial can be found between 200 and 500 Hz
fundamental always dominates in the mid- and upper registers. The intey
bution at higher frequencies is in large measure time dependent. For .
description it is therefore recommended to base energy content on the
the harpsichord sound (Elfrath, 1992). Above 800 Hz the spectra drop i
slope of about 7 dB/octave, and subsequently pass through a dip betwe
2,500 Hz, which lies barely 15 dB below the strongest partials. This is fo
secondary maximum, which lends its particular presence to the harpsich
about 5,000 Hz the spectrum drops at a rate of about 15 dB/octave.

In comparison to the otherwise minor spectral differences, this f
lends a certain presence to the instrument, is rather individually pro
harpsichords of different construction. The rise, in contrast to the p
vary between 2 and 6 dB, so that finally the secondary formant lies ab 0
below the strongest spectral components. This frequency varies also.
often located near 4,000 Hz; for some instruments, however, aroun
However, it is always situated clearly above the so-called singer’s
Sect. 3.8.1.), which, in its significance for the presence, and the abili
sound of the voice, has a similar function. As an example, this eff
observable for a harpsichord continuo within an orchestra, when
quency contributions, in their thythmic structure, stand out from the
while the harmonic chord foundations are only of subordinate impo
even totally inaudible — at least to the listener in the hall.

"on of the initial transient of individual harpsichord tones_ is very.short. In
middle and upper registers it is only 10-25 ms. In the low reglster§ tf}ls can be
ched to the range of 45-75 ms, depending on structural. chargctenstlcs of the
ent (Neupert, 1971; Weyer, 1976). In addition, an aIT'ICUlaI.IOIl peak of short
approximately 20-30 ms, occurs with a principal mtepsﬁy mostly abc.we
0 Hz. This lends a degree of precision to individual harpsichord tones which
to an uncomfortable hardness in the performance of several simultaneous
tes. This is at least one of the reasons why chords on the harpsichord are usually
rmed somewhat arpeggiated. .
h superposition of vertical string vibrations and vibrations parallel to the
board determines a decay process similar to that in the piano. However,
ally steeper amplitude drop is less dominant for the overall tone thap it
hie piano, since on the one hand the parallel vibration is more str(?ngly excited
plucking process, and on the other hand the vibrational energy is tr'al?s.ferred
rapidly from the vertical to the parallel vibrations. The temporal d1V{s1on of
y process is thus not necessary (unlike the piano) and the specification of a
gle value for the decay time is sufficient.
InFig. 3.27, the decay times of four historic harpsichords of different styles are
,n"-"vl in relation to tone location (Elfrath, 1992). On the whole, values are
‘Wwhich in order of magnitude can be compared to the late decay times of

3.5.2 Dynamics

The dynamic range of the harpsichord is very limited, since the nat
attack has no essential influence on the process of plucking the stri
dynamic steps are therefore only accessible through registration, i.e.
One or more strings for each key. The combination of two 8 registe
power level increase of 2-3 dB in comparison to the single register, c0 B .
with a 4’ register effects a change in tone color in the direction of a bri .
which also gives the impression of a dynamic increase. In the mean,
on a power level (calculated after Burghauser and Spelda, 1971) of b
87 dB, depending on re gistration and performance technique. These are
cannot only be reached by a single violin, but can certainly be exceeded. In
it should be mentioned that the clavichord s even softer by about 10 dB,:
The low power level of the harpsichord frequently leads to

electroacoustic am lification, to improve the d namic balance with ", ’ }
A p p y harpsicho: E Decay times for four harpsichords of different origin (after Elfrath, 1992). A. Ruckers,
ensemble. It is important for such a reproduction of the harp i S 1628: G R Giusti, Italy 1681; Ch. Vater. Germany 1738; J. Kirkman, England 1783

Vater

NS Giusti

~ Ruckers
Kirckman

c c
Tone scale
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pianos; not, however, to piano initial transients. In the low octaves, ] "
the individual instruments are located very close to each other, bug g
quently with differing slopes (by a factor of 1.25-1.5 per octave), so tha
times differ by up to 70% in the highest register. Even though these curye
mean values, where, for each instrument, decay times can be clearly
from tone to tone, they show the individual characteristic of the instrug
clearly than the time averaged spectral composition. In addition, the d
times of the higher overtones lead to a change in tone color within less th
This also contributes to the characterization of the instrument.

Newer harpsichords have decay times closer to the Kirckman instrun
3.27, where the possible spread is relatively large. To generalize, one car
decay time of about 20 s for C; with a drop by a factor of 1.4 per oc
Neupert, 1971; Fletcher, 1977). Assuming an initial sound power level
a noise level in the room of 30 dB, the tone can be followed by the ear fe
of the decay time. The real tone duration, however, is almost always sij
shorter than the decay time, so that the tonal character is essentially d
the level drop of the first 10 dB or at most 20 dB.

Dynamics

;M » and the piano are similar, in that the sound power fadiatefl by the. harp can
v be indicated for the initial time period of the tone, i.e., in the time region of the
oneest sound development. At the lower limit of the dynamic range the sound
vel lies at around 60 dB (as calculated after Burghauser and Spelda, 1971),
n reaching the second octave does it rise to a level of about 70 dB. The
ser limit rises from about 88 dB for the lowest notes to 100 dB in the region of Cy4
FE".,;. again drops to about 80 dB in the Cg octave. This results in a maximum
7:.,. ic range of 40 dB around C,.

2% 1Rl

B Time Structure

tack for the harp is characterized in large measure by a sharp precision. This
partly determined by very short initial transients. For the lowest notes they are
about 20 ms. In the upper register they drop to less than 10 ms (Melka, 1970).
ones, for which the fundamental falls on a resonance, have an initial transient of
duration than neighboring tones. The coincidence of the neighborhood of a
mental with one of the five main resonances can lead to short term beats
the initial transient.
e second reason for the precision in the initial transient can be found in the
behavior of the harp. The higher partials, caused by the precise attack decay
more rapidly than the lower partials resulting from the full tone. In the lower
er these have a decay time of the order of 4-6 s, in the mid-register about 2 s.
whose fundamental falls directly on one of the main resonances have a
iceably shorter decay time than their neighbors, which causes the relevant tones
become dull and blun.
Because of usual string lengths and strengths, a string in its fundamental tuning
ger and thinner than its neighboring, next lower string, raised to the same note
Pedal shift. This enables a tonal differentiation. Strings in fundamental tuning
-4y more gently, strings with raised tuning result in a harder sound (“secco”).
: ,,Pal'ticular performance technique of increasing the decay time rests on the
g i .10 tune two strings to the same pitch by a pedal shift, to couple them
=ostically. For example Puccini specified this effect in “Turandot.”
~@much as “ypygeqd> strings are not damped, in contrast to the piano, they
encF Mmutual coupling to the vibration processes through the resonant body. In
- " Aiction they contribute significantly to the increase in decay time. In a given
L C ‘th must be damped by hand to interrupt the decay. It is also possible to
Sing vibrations by a strong external sound field through the sound board.
Sl chords can injtiate such a decay without harp participation. This is
Y audible, at least i the neighborhood of the harp, and possibly needs to be

- This is Particularly important if there is a microphone located in the
of the harp,

3.6 The Harp
3.6.1 Sound Spectra

Sound radiation by the harp is essentially determined by a few dist
resonances. The three most important resonances lie between 200
These are followed by two additional strong resonances up to 850 Hz (Fi
Above 1,000 Hz, the resonance sequence is more closely spaced, "
individual resonances steadily decrease in strength. Inasmuch as the ton
the harp extends down to a Ctl’ (31 Hz) the fundamentals of the spectra are
weak in the low register, the overtones which fall on the resonances be
and 450 Hz dominate. In the range of from G; or C, upward the
becomes the strongest component of the spectrum. E

As is the case for pizzicato playing on string instruments, the overtone:
the harp sound depends on the plucking location. For a pluck near i
complete spectrum is formed with strongly decreasing overtones, th 54
and upper registers, already the octave partial is from 10 to 15 d 3
fundamental, while in the low register, the decrease of the spectrum ‘:
450 Hz. For an attack exactly in the middle of the string, the odd parti
dominate in contrast to the even ones, and the sound becomes full
attack at 1/3 of the string length suppresses the third partial and lends b S
brilliance to the tone through the relatively strong octave partials =
order). Attack near the end of the string (presso la tavola) leads to a spect!
drops only by 20 dB for the first eight partials, and thus has a guitar-like
even metallic sound. '
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3.7 Percussion Instruments
3.7.1 Timpani

For percussion instruments, even more so than for the piano, the tonal cf
largely determined by the time structure of the spectral composition, On
it could be of interest to consider the tonal spectra at the instant of stro
radiation, on the other hand, the different decay of individual spectral co
plays an important role. This is particularly clear for tympani, where aff
impact noise, harmonic components dominate, evoking a clear pitch impres
The membranes of timpani can vibrate in a multiplicity of differen
shapes (so called vibrational modes). For the simplest mode, the rim fo;
line, and the membrane vibrates with its entire surface area in phase. Adg
lowest “ring mode” are higher modes, for which additional nodal lines are
as concentric circles. A further group of modes is formed by nodal
radially across the membrane which cross in the middle (“radial mod 3
group has the important property that the frequencies of the first three to fiv
are in reasonably good harmonic relation to each other: their frequenc
approach the numerical ratios of 2:3:4:5:6; these modes thus are essentiz
sible for the pitch impression (Rossing, 1982b; Fleischer, 1991).
The perceived pitch lies an octave below the main tone, that is for th
concert kettle with a tonal range of F; to D, between about 44 and 73 Hz, anc
small concert kettle (A, to G2) between 55 and 98 Hz. The low D kettl
down to D, (37 Hz), the high A kettle up to C;5 (130 Hz). However, pitch
is not as precise as it is for string and wind instruments, because partials
accurately harmonic, and the frequency location is so low. Consequently,
example, maintains the original tuning for complicated modulations, ¥
does not permit retuning and uses the notation of G for the tonic in G® maje
problem has been eliminated in the meantime by the invention of the pedal ¢
Timpani tuning is accomplished by changing tension in the memb : e
good instrument, this changes the frequencies of the radial modes in prop
each other, i.e., harmonic relationships are retained. This property of
related to the kettle size. Its volume influences the vibrational frequenci -
membrane within certain limits. The lowest ring mode experiences_ v
frequency change than the radial modes, thus it does not move harmonical
the other modes when tuning.
The strength of the partials radiated by these vibrational modes depen
location of the impact. Impact near a nodal line is almost totally ine
exciting the corresponding mode. Impact at the center of the membran
therefore excite the (inharmonic) ringmodes strongly, and the (harmon
modes only weakly. In contrast, the usual impact location, located more I
rim favors the harmonic components and reduces the inharmonic ones.

can selectively excite the lowest radial mode (the fundamental) or the =
radial mode (the fifth) most strongly.

|
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Fig. 328 Time evolution of a timpani spectrum of pitch A (after Fleischer, 1991). P Principal
mode, R 1st Ring-mode, F Fifth, O octave

Figure 3.28 shows the change of the spectral composition of a timpani tone? with
time. Approximately the first second of the sound is represented. For the duration of
approximately the first half second, many quickly decaying components are recog-
nized. These constitute the impact noise. In this example the lowest ring-mode lies
at around 140 Hz. After that, a series of slowly decaying partials remains. The
principal mode at 110 Hz, as well as the fifth and the octave stand out prominently.
Usually the decay time of the principal mode moves between 7 s for the low and
L5 s for the highest register. The decay times of 10 s and 3 s for the fifth an(_i the
Octave respectively are significantly longer, so that these partials, in time, Qommate
OVer the principal mode. For natural skin membranes this difference is not as
Pronounced as for man made materials. For natural membranes the pitch depen-

of decay times is also less pronounced, consequently, as a whole, it gives a

more even impression (Fleischer, 1991). With hand damping the decay time is

down to 0.7 s for low, and to 0.2 s for high pitches.

¥ strong harmonic partials mask the inharmonic components relatively earl.y

i the auditory Impression, contributing to the purity of the timpani sound. This is

€ase, provided that, — aside from the correct impact location, the frequency of

OWest ring mode does not lie below the fundamental. This condition is no

CT satisfied for high tuning of the drum head, therefore the high timpani tones

: ty (Fleischer, 1991). The timpani sound can also lose clarity, when the

Onal modeg become less precise due to uneven membrane thickness. In that

¢ the tong] character depends especially strongly on the point of impact, a
Stance which the player can utilize for particular nuances.
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The initial transient is characterized by the relatively slow develg
low pitch contributions, which move in the neighborhood of 100 ms
time, higher frequency contributions can prefer the entrance point at the
timpani impact to some extent, if they are sufficiently pronounced. For t
(1970) indicates initial transients of less than 20 ms.
The playable dynamic range of about 45 dB is very large. For ff 3
level of 115 dB can occur. For pp this reduces to 67 dB in the low
down to 70 dB in the upper registers (recalculated after Burghauser a;
1971). The strongest tonal contributions develop between about 100 an
depending on tone location and impact characteristics.

3.7.2 The Bass Drum

i3

In contrast to timpani, the bass drum belongs to the unpitched percuv'
ments. The muffled tone, with its strongest contributions in the freques
near 100 Hz, is characterized by a multitude of inharmonic partials,
are closely paired. The usual soft mallets prevent excitation of hig
components. The heavier the mallet, the more energy can be tra
membrane, however, this also increases the contact duration, which
presses the higher frequency components. In addition, the more clo
impact location leads to a preference of the ring-modes of the membra
(if possible, these modes are to be avoided in the timpani), which likey 1S
the dull non-distinct tone character. For an impact point closer to the
and mostly asymmetric modes are formed, causing the sound to becon:
The dynamic range encompasses a sound power level from 79 dB at a pp
for ff (calculated after Burghauser and Spelda, 1971). In relation to th 2
impression for pp, one needs to take into consideration that at the low
relevant for the bass drum, the ear is not very sensitive at low levels, so
drum can certainly reach the lower limit of an audible pp.

The time structure of the tone is characterized, on the one hand, b;
frequency of up to 140 cents, i.e., more than one half step, during the
after the impact. On the other hand, beats of the mode pairs, mentione
the frequency range above the fundamental, create amplitude vari
result in the breathing character of the bass drum tone (Fletcher and Ba
The median decay time lies around 8 s for the strongest tone contribu .
region of 200—400 Hz it is around 4 s, at higher frequencies it drops (;,.
2 per octave. Components below 50 Hz can ring for 15 s or longer (F
Schwarz, 1967). :

In addition to the felt mallet there is a second mallet, the so called “br!
in Turkish music, it is formed from a split reed stick. It produces she b
impacts of higher precision. It serves to subdivide the measures Stﬂl‘:k’
mallet. The symphony 100, the “Military Symphony,” of Jos. Haydn is' ,
best known examples for this. In this symphony, for the most part, S
impact marks the first beat of the measure, and the brush impacts are U

example 10 Top: J. Haydn, Symphony Nr. 100, 2nd movement, measure 174 1 (wi?hout
Bottom: W. A. Mozart, The Abduction from the Seraglio, 3rd Act, Chorus of the Janissars
ithout winds and low strings)

tional beats. There are, however, places where sforzando impacts of the brush
: found on the first beat of the measure. Mozart, in contrast, in his “Abduction
m the Seraglio™ lets the hard brush stroke run through as a uniform rhythm, and
mbines it on the first and occasionally on the third beat of the measure with the
Ct of the felt mallet (see score example 10).

Snare Drum

@ Rossini made the snare drum acceptable in his opera “La gazza ladra” in
/, it has also found entrance into the symphony as a rhythm instrument. The
mic precision js accomplished by the short transient of about 7 ms (Melka,
), as well as by the lack of very low tonal contributions. The maximum of the
Sound lies between 300 and 1,000 Hz, depending on the nature of the
For a forte, an impact near the middle of the membrane favors the low
°NiS, and for a pigno an impact near the edge favors the higher partials.
the inharmonjc location and the frequency width of the partials, prevent a
Pitch impression.
© high frequency components of the spectrum are further strengthened by the
_Snare strings, which are stretched below the low membrane. By tuning
Srings below the membrane, they collide in a pulsating manner with the
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membrane, and thereby excite additional high frequency vibratig
increases the noise impression of the snare drum significantly (Rossin
The decay time of the strongest partials is of the order of magnitude
and Schwarz, 1967), so that even a very rapid impact Sequence (g
recognized as such without going over into a uniform noise. For g 5
power level lies at around 74 dB, which, because of the short
individual impacts, can be perceived as very soft. For Jf the so nd
reaches about 100 dB, which suggests a rather wide dynamic range (a
after Burghauser and Spelda, 1971). 3

Jff impact

Fundamental

4th partial

i
=

3.74 Gong

In a number of operas with large orchestras, tuned gongs are used to ¢
tone colors. The best known example for this, — next to Saint-Sae
Jaune” and Strauss’ “Frau ohne Schatten” — could be Puccini’s “Tur
nine gongs are required with pitches between Az and A3, as well as a
in A,. Their pitch is determined by a precise fundamental and an octz
Occasionally supported by a double octave (4th partial). Often the pitc
partial corresponds to a seventh. The third partial is always inharmonic,
whole step to a fourth above the octave, a major third is perceive
optimal. Additional higher inharmonic partials complete the spectru
greater loudness a strong rushing noise is an essential part of the tone ci
While for higher pitched gongs the fundamental always domin:
gongs, the 3rd and 4th partials can become by up to 8 dB stron
fundamental; the octave partial always lies by about 10 dB below the fi
The lower the gong is pitched, the louder the rush noise becomes, with
maximum around 1,000 Hz, which is in the region of the vowel col 260t two different dynamic levels
Around 3,000 Hz the rush noise level for a low gong at ff is about 10 d| 7l
fundamental and above 3,000 Hz it drops off with 10 dB/octave -
higher gongs at 3,000 Hz it already lies by 20 dB below the fundam '
The strength of the impact exerts a strong influence on the tonal pi fu
While the intensity of individual partials rises steadily from pp to
effects appear for yet stronger excitation. These lead to energy tra
modes, whereby especially rush noise contributions become more
Thus the accessible dynamic range for a clear tone without rush n
mf or fonly covers 17 dB with a sound power level of 91 dB at pp
A further increase by § dB is possible, however, that will not raise ne
the fundamental, the additional energy appears in the higher frequenci
larly in the 3rd and 4th partials, as well as in the rush noise.
consequence of these non-linear effects js that the fundamental and
cies, and thus their pitch, start at up to 80 cents higher for very stron
only in the course of about 4 s reach their final value. For mf the tone sta
cents high and needs approximately 2 s to reach its final value.

mf impact

41 partial Fundamental

10 F i . 2nd partial

*._Ruch-noise maximum '
& 1
i T I T N N N NS NS N S Lol
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329 Time dependence of the level of the most important tone contributions of a Gong Grave

the time dependence of the level structure for individual tgnal comPonents

g the first seconds after an ff impact is particularly interestmg.. As Fig. 3..?.9

the discrete partials initially become lower, while the ru;h noise reaches its

v strength after 2 s, and thus exceeds all other tone contributions. After that,

Sh noise decays steadily, and after 6 s becomes weaker than the fundamental,
only then becomes the strongest component. This slow spectrgl development
the gong with its magnificent sound. At mf and especially at pp the
Al partials exhibit a smooth level drop from the beginning. The same occurs
alater point in time. The decay time of the fundamental is shorFened from
W75 s for Gong in A, to 30 s for a Gong in Az. The decay' time of the
Wing Partials, up to about five times the fundamental frequency, is also about
long. Aboye that, the decay time drops uniformly down to the value of 4 s at
- For “secco- impacts” this extremely long decay is reduced to a few
s by damping with the free hand.
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b rati i ced, and the partial sequence is not so dense.
= combats .l 3 .“brat.l (?naltz)n deeusnclizgleeﬁal near 400 HI; there are two nearly harrnon.ic
# addlg;:]r;]e near 1,600 and 2,000 Hz, it is entirely possible that a certain
2 for'z;ble in the sound of a triangle (Rossing, 1982a). .

'n(‘)t'lal transient of about 4 ms is extremely short particularly because of
. u] very high frequency contributions (Melka, 1970). For the funda-
} antc)ilecarytime is about 30 s. For higher frequencies it drops rather
,»:” ;heby a fzctor of 2 per octave (Plenge and Schyvarz, 1967). This long
y affects that for a rapid impact sequence (usually hit as a roll between twg
“‘;n sides of the triangle) the sound goes over into a fluctuating steady tone an

mes the character of a silvery shimmer for the overall sound of the orchestra;i
e dynamic range is characterized by a sound power level of 66 dB for pp aE

at ff (as calculated after Burghauser and Spelda., 1971).. Because (;]f t ;
minantly very high frequency contributions, the trlangleils not pnly ea;l
;- above the orchestra, but it is also easily located by the listener in the hall,
these high frequencies are only reflected relatively weakly by the hall.

As is the case for the gong, the tonal picture of cymbals is determi;
measure by the time development of the different tonal contributiop;
number of inharmonic partials, which to some extent are densely sp
permit the emergence of a pitch. At first, during the initial transient tip
ms, strong vibrations of a few radial modes are formed at frequencies
Hz and also in the region between 700 and 1,000 Hz. After 50-100 “
their dominant role to high frequency rush noise contributions betwe
5,000 Hz, which at times can expand to 10,000 Hz. Again, the energ
between different vibrational modes, or also between longitudinal
waves becomes a determining factor. This preferred sound rad
frequencies forms the tonal impression in the time frame of about 14
impact, and results in the bright shrill sound of the cymbal. Thereaf
mum of the sound intensity reverts back to the frequency contributi
Hz. This is primarily determined by the damping of the vibrational m f
decay behavior (Fletcher and Rossing, 1991). i ?
The decay time of vibrational modes around 400 Hz is about 3(
components around 3,000 Hz it amounts to approximately 10 s, and fo
around 6,000 Hz it is still 5 s (Plenge and Schwarz, 1967). The lowest pa
region of 50-100 Hz, which are relatively unimportant for sound imp -
foom, can even have decay times of the order of 100 s, however, ?
noticeable only for close microphone positions. It should be noted, s{f
quencies below about 700 Hz the decrease in level initially o S
rapidly, because of energy transfer to other modes, and the decay tin
earlier only take effect after about 200 ms, thus a time-level plot show:
is the case for the piano) (Miiller, 1982; Fletcher and Rossing, 1991) :
Within certain limits the dynamic range of cymbals depends on > 1é
excitation. For an impact with a felt mallet, a calculation after B urgfl
Spelda (1971), yields sound power levels between 73 dB for pp, and 10
For a wooden mallet these values rise to 82 dB for pp and 111 dB fo
mallets have more influence on the strength of the high frequency col
than differences in impact. When two cymbals are crashed against ¢
sound power levels between 74 dB for pp and 108 dB for ff can be 211

e
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Sound Spectra

nature, the spectral envelope of the singing voice is mainly characterized by
In each case, the sung vowel determines the location of the strongest
al. A male voice can vary the lowest formant in the region of 150-900 Hz _an'd
second formant between 500 and 3,000 Hz. For female voices the lower limit
‘highe corresponding to the tonal range. The constant change between vowels
,_ the text consequently leads to constantly changing envelopes. Above about
980 Hz) the fundamental begins to exceed the first formant of the vowels, the
g of the oral cavity is therefore undertaken by female singers for thlmal
hancement of the fundamental and the octave (by the 2nd formant). This tecb-
Jue can also be used for lower voices. It serves to raise volume, howeyer, it
luces vowe] recognition, and to some extent causes tone quality to suf.fer. Itis also
edex ensively with peak tones of tenor and alto voices, to lend sufficient strength
indberg, 1977; 199 ). For tenor voices, however, generally the 2nd and 3rd partials
Pred OMinantly amplified (the fundamental less so), otherwise the voice assumes a
Te female character, as is the case for countertenors (Titze & Story, 1993).

" Spectrum can drop strongly below the first formant. In the low r.egister. of
€ Voices, the fundamental can lie by 15-20 dB below the strongest partials. High
* 1Y Contributions in the range between about 2,300 and slightly above 3,000
1ave specia significance. Not only is this the location of those secondary
“4IS which make i possible to differentiate between different voices (for the
IRWED, but it is also the location where for trained voices the so-called
BEr'S formany develops. This singer’s formant can provide a quality criterion

3.7.6 The Triangle

Closely spaced inharmonic partials at very high frequencies play the ;-
tant role in determining the tone of a triangle. For the normal i "\;
(perpendicular to the triangle plane) the spectrum reaches to over
without significant level drop. The maximum of the spectral envelope
around 6,000 Hz. Only one partial is found below 1,500 Hz, it is lo o
Hz. When the triangle is hit in a direction parallel to the plane,
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for the singing voice (Winckel, 1971; Sundberg, 1977). It can reach
within 5 dB of the strongest partials. Since the orchestral instruments
weaker overtones in this frequency region, the singer’s formant len
an ability to carry the tone and transcend the orchestra (see Fig. 3.
mined by the varied lengths of vocal tracts, a typical frequency lo
singer’s formant occurs around 2,300-2,500 Hz for a bass, 2,500—2,_
baritone, and 2,700-2,900 Hz for a tenor. The typical frequency loca
singer’s formant for a female voice lies somewhat higher, like 2,90
mezzosoprano. Above 3,500 Hz the spectrum drops steeply at a rate
ly 25 dB/octave. Exceptions lead to a timbre which is too metallic. In
vocal technique frequently used in musicals, in which, by elevating th
singer’s formant is raised to above 3,500 Hz, the high frequency
deliberately strengthened (Estill et al., 1993). It is of interest that 1
placement finds a parallel in formants of the harpsichord (see Sect. 35
frequencies are nevertheless important for recognition of consonants.
lant sounds reach up to about 8,000 Hz, unvoiced sibilants even up to I

Tone scale
& » Dynamic range of solo singing voices (after Burghauser and Spelda, 1971)

.

nced for a singer’s formant which increases by about 1.5 dB for every 1 dB
ease of the strongest partials. For individual voice control in a noisy environ-
n, it is of interest to note that the sound level at the ear of the singer lies 10 dB
the radiated sound pressure level (Ternstrém and Sundberg, 1983).

Vith choral singers, the sound power level generally is not as high as for soloists,
the difference should not be that large for professional opera choruses. For
ain lay choirs, Ternstrom (1989) found a dynamic range which led to an average
ind power level for individual singers from 71 dB at pp to 97 dB at ff. For boys
the dynamic range of individual singers is narrower and reaches from about
, atpp to 91 dB at ff. This suggests for an average forte an order of magnitude
88 dB for boys and 91 dB for adult choir voices.

" Time Structure
3.8.2 Dynamics 1

singer, the initial transient is determined by the nature of the beginning
Sonant. Explosive sounds lead to a very short noise impulse of from 20 to 30
duration; already after 40-60 ms the full harmonic sound can be developed. In
E sibilants are characterized by a duration of about 200 ms. For an initial
1 240 to 50 ms noise is immediately followed by a humming phase — for a
_—_Mouth —lasting up to 150 ms, before the full tone is developed. It is
~+SUNE 10 note that the singer’s formant already comes in during this humming
; Initial “r” jg characterized by a noise impulse sequence, whose individ-
"PUISes follow each other with a 35-45 ms separation.

o SINgers” vibrato usually moves in the frequency region of 5—7 Hz (Winckel,
> Whereby the vibrato frequency typically increases slightly toward the end of
; €, 1993). For a vibrato width from about 40 to +80 cents, a pure
modulation resyts without change in the envelope. At most, individual

The dynamic range of all singing voices is characterized by a clear rise
register to the higher positions. As shown by the measurement results of
and Spelda (1971) — converted to sound power level — in Fig. 3.31, for
the lower dynamic limit of low male voices in the lower register lies aro
for a dramatic tenor and for female voices around 60 dB, for high regi
values between 85 and 110 dB. The upper dynamic limit lies between
for the low register, and it rises up to 110-125 dB in the upper region. Thi
a median dynamic range of 25-30 dB, which, for favorable tone locat
widened to more than 40 dB.

Since, once during each vibration cycle, the vocal cords cl
at higher dynamic levels, while for soft singing there is always a re
the overtone content increases with increasing dynamics. This éi 1

-1}
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Fig. 3.32 Time variation of the spectrum for a singer’s vibrato ( Baritone, sung pitch G;)

partials will slide up or down on the flank of the formant resonance curve, which
will actually contribute to the clarification of the formant (Benade, 1976). Never-
theless, under those circumstances the tone color remains constant in time. Fora:
very forced vibrato, as shown in Fig. 3.32, it is a different matter. This vibrato,
which — not only by reason of its width of more than +200 cents — is sensed a8
esthetically unsatistying, is additionally characterized by a constant phase amp
tude modulation with high tonal and noise contributions. This makes the tone
especially noticeable, if not even penetrating. Depending on musical context, }'
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vibrato tending in that direction can occasionally be very appropriate, to increase
the voices power to stand out.

3.84 Choral Singing

Fusing numerous voices into a homogeneous choral sound demands not only mutual
adaptation on the part of the singers, but also the avoidance of all effects which make
an individual voice stand out. Therefore, the singer’s formant, so essential for the
soloist, becomes an annoyance for choral singers, unless it is present in comparable
strength in all individual voices. In professional choirs it is approximately 5-15 dB
weaker than in soloists (Sundberg, 1990), while it is almost not found at all for lay
choirs. As a result, individual voices in a lay choir, which emphasize the singer’s
formant, stand out in the overall sound, furthermore, an additional vibrato is particu-
larly dangerous. In lay choirs, generally the 3,000 Hz (at mf) components are from 20
to 25 dB weaker than the strongest tonal contributions. This can reach 30 dB for
boys’ choirs (Ternstrom, 1991b).

Intonation accuracy Formant accuracy
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Basic for an effective all-inclusive choral sound is the accurate intona
singers. In hearing tests, Ternstrém (1991a), using synthetic choral soun,
mined what accuracy is preferred, or alternately is tolerated. The result
represented in Fig. 3.33 for each of four voices and three vowel colors. Acco;
ly, intonation is considered good, if the standard deviation (width of intg
spread) clearly lies below +5 cents (i.e., two thirds of the voices should fall w
theses limits). An intonation accuracy of 10 cents is still tolerable. Bass voic
relatively insensitive to these limits, particularly for dark vowels. In
Lottermoser and Meyer (1960) found significantly larger deviations. An e
case is given by the Don Kossaks with up to +£60 cents. Tuning the fo
frequencies, i.e., the matching of vowel sounds between individual singers
choir, is also important. As indicated in the pictures on the right of Fig. 3.33 fc
lower two formants, efforts should be made to keep the standard de
significantly below +6%, while +9% can still be tolerated. For the higher form

+12%, should be maintained, a standard which can be reached only
systematic choral training.

!

Chapter 4 9
Directional Characteristics

4.1 Foundations of Directional Sound Radiation

4.1.1 Directional Effects and Polar Diagrams

In the previous chapter, individual tonal characteristics of musical instruments were
considered without concern for possible influences by the room. Furthermore, the
fact that most instruments do not radiate sound in all directions with equal intensity,
but rather exhibit more or less pronounced directional effects, was not taken into
consideration. This dependence of the radiated sound pressure on direction is
referred to as the directional characteristic.

In the simplest case, like for example in the setting of a spherical sound source
which expands and contracts uniformly in all directions, the sound radiation is also
€qual in all directions. Therefore, for such a “breathing sphere” one speaks of
sphere-like directional characteristics, or omnidirectional characteristics. This case
also arises when the sound source is small in comparison to the wavelength of the
radiated sound, i.c., mostly for low frequencies. In Fig. 4.1, the frequency regions
for which the respective orchestral instruments radiate the sound spherically are
fepresented. As noted, mostly the fundamentals in the lowest octave of the relevant
range are of interest. No spherical sound radiation is found above 500 Hz.

The presence of two such spherical radiators with some separation already leads
fovery complicated sound field relationships which depend on the distance between

two sources, as well as the frequencies, phase relations, and strengths of the
Tadiated vibrations. Preferred directions are found, for which the contributions of

tWo sources reinforce each other, and there are other directions for which they
V{eaken each other, or possibly cancel entirely. For simple arrangements, these
tional characteristics can be calculated (Lessig, 1965; Franz et al., 1969,
1970), in less obvious cases, such as vibrating plates in string instruments, a
Mathematica] treatment becomes inordinately complex, and it also presupposes
dccurate Measurements of vibration shapes. Consequently, the following assembled
T€presentations of directional characteristics for musical instruments were all de-

ined €xperimentally, except for the tympani. The necessary measurements

18 .
Meyer, Acoustics and the Performance of Music. 129
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Fig. 4.1 Frequency region for omnidirectional sound radiation by orchestral instruments !

were carried out in an anechoic chamber with a microphone distance of 3.5 m
see Meyer, individual publications from 1964 to 1970). :
As an example of such measurement results, the polar diagrams for an obo
number of frequencies are given in Fig. 4.2. In the individual pictures, the
sound level in dB is represented in angular dependence. The 0°-direction co T
ponds to the axis of the sound column. The indicated frequencies are not those
only the fundamentals of the played tone, but rather, they represent the re
partial of the spectrum falling in the indicated region. In particular, the curves:
higher frequencies naturally relate only to overtones. These few diagrams alre:

show that not only the overall sound strength changes with direction, but also
spectrum and thus the tone color. j

4.1.2 Evaluation and Representation

The relatively complicated curves of the many frequencies that must be included!
order to characterize the directional effect of instruments, lead to the necessi
extracting the fundamental characteristics from the multitude of individual res
in order to represent them in a clear form. This opens the possibilities of determi
ing the level difference between the largest and smallest value in each dia ;
This “Dynamic” of the directional characteristics, however, it is of relatively mif
importance in relation to the tonal effect in the room, because the deep structtl
are mostly very narrow (see for example in the picture for 1,750 Hz at about 75 .
170°). For microphone recordings, on the other hand, such steep flanks Of_ 2
become uncomfortably noticeable, particularly when the performers are movin,

4.1 Foundations of Directional Sound Radiation .
0° o°
B 250 Hz 500 Hz 750 Hz
dB
20
0 _90° 270° a6 P -
270°

3000 Hz

90° 270°—+ = 90°

© B8 3dB- Region
1é0° 710 dB - Region

Fig. 4.2 Polar diagrams of an oboe at different frequencies. The 0° direction corresponds to the
axis of the instrument

For the discussion of spatial effects, it has been an advantage to determine those
angular regions for which the sound level does not sink by more than 3 dB or more
than 10 dB respectively, below the maximum of the curve. At the same time, it h'flS
to be remembered that a level difference of 3 dB represents cutting the energy in
half — which corresponds to a sound-strength difference of one-half the numbers of
performers — and a level difference of 10 dB is perceived as approximately one-half
the loudness. The width of the 3 dB regions is designated as the half width.

In the polar diagrams of Fig. 4.2, the boundaries of the regions are represente(.i,
and the regions of differential intensity are shaded. In the example of 250 Hz, it is
clear that there is no angle for which the amplitude drops by more than 3 dB t?elow
the maximum. In practice, therefore, one can still speak of a directionally uniform
Or round characteristic. In contrast, pictures for higher frequencies exhibit pro-
flounced preference regions of various width and angular locations.

Another interesting quantity is the difference between the sound level radiated
nto the forward and backward directions. It is designated as the front/back ratio
given in dB. This ratio indicates the effectiveness of the sound reflecting wall
behind the performer. In order to obtain numbers of practical use from a highly
Structured diagram, forming the front — back ratio from an average of 4-10° for the
Wo directions under consideration is recommended in each case. Occasionally, it is
also an advantage to specify a certain front — side ratio in the appropriate format.
For €Xample, this can give useful information about different seating arrangements
of wind Players in opera or concert orchestras.

Finally, o Quantity called the statistical directivity factor is important for room
acoustical considerations. It represents a relationship between sound pressures
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actually present, to those which would be caused by a sound source of equal
power with omnidirectional characteristics at the same distance. The stati
directivity factor can be given in dependence on direction: Values larg
1 indicate directions with, on the average, stronger radiation; values ]
1 indicate directions of below average radiation. For example, an idea]
reaches a value of approximately 1.7 in the direction of strongest radiati
the boundary of the 3 dB region, the statistical directivity factor drops to 0.7;
boundary of the 10 dB region, to 0.3 of the maximum value. A survey of charac
istic values of statistical directivity factors for orchestral instruments is fg
Figure 7.3. For sound level considerations it is advantageous to convert the stz ,
cal directivity factor to a dB value. The quantity is designated as “direct]
index.” It specifies by how much the sound level is higher in the dir
considered than it would be for an omnidirectionally radiating sound sou;
equal power. ;
In the case of the oboe, one can assume with some degree of accuracy, th

directional characteristics are rotationally symmetric about the long axis
instrument. This means that by rotating the curve, represented in Fig. 4.2, about
axis along the 0-180° line, full characteristics over all spatial angles are obtained
order to obtain the tonal effect in the room, only the shadowing of the inst

the performer, particularly in the rearward direction, needs to be considered ad
tionally. For instruments, which do not present a symmetry axis of that nature, s
as for example string instruments, one is limited to the specification of
interesting planes. Fig. 4.3 shows several models of directional characterist
the horn (including shading by the performer). The results are represented
four planes: Horizontal plane, vertical plane passing through the direction
bell, a vertical plane perpendicular to the previous one, and finally, a further ve

plane which include the axis of the sound column. Thus, largely all spatial ra
relationships are included.

Fig. 4.3 Spatially represented directional characteristics of the horn with player. The ampli
region from the maximal value to the inner boundary of the model is 30 dB
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4.2. Brass Instruments

42.1. The Trumpet

For open brass instruments (for all groups except the horn), t'he directional effects of
sound radiation are only determined by the sh.ape and size of the bell E}nd the
connected conical part of the bore. There is practically no 1nﬂuenc'e of mateqal wall
vibration. The directional characteristic is therefore .essen.ually rotanonauy
symmetrical about the bell axis. In as much as th(f, Q1men51on of th.e be}l in
relationship to the wavelength of the radiated sound is 1.m.p0rtant, the dlrectlonz.il
characteristics are frequency dependent. In that context, it is of no consequence if
the vibration of a particular frequency are those of the fundamentfil or an overtgne
of arbitrary order. Thus, the directional characteristics can be considered a.functlon
of frequency without regard to valve position or overtone order (Martin, 1942;
Meyer and Wogram, 1970). .

As already shown in Fig. 4.1, the sound radiation for trumpets at frequenc.les
below 500 Hz is directionally uniform. In the direction of higher frequencies, side
constrictions are formed while the largest intensity is radiated in the direction of the
bell axis. ]

From about 2,000 Hz upward, a well defined bundle of energy is noticeable.ln
the direction of the bell, while in a sideways and rearward directions, a multiplicity
of secondary maxima are observed. These are separated from one another.by degp
cuts. Their number increases with increasing frequencies. However, their intensity
drops (in relation to the value of the main radiation direction).

Near 2,000 Hz, the amplitude of the side maxima is about 16 dB less than in the
axial direction. At 5,000 Hz, this is about 25 dB, and for 10,000 Hz, this level
difference rises to somewhat more than 25 dB. In the rearward direction, the
Intensity also decreases in similar manner: At 2,000 Hz, it is by about 10 dB weaker
than coming from the bell, at 5,000 Hz, by about 17 dB, at near 10,000 Hz, around
22 dB. These values for the front/back ratio assume free radiation to the front
without shadowing by a music stand.

Inasmuch as the greatest intensity is radiated in the direction of the bell for all
frequencies, a general view of the principal radiation regions can be obtained from
the many polar diagrams by representing the width of the angular regions for which
the amplitudes do not drop more than 3 dB and not more than 10 dB in relationship to

i maximum value, as a function of frequency. These curves are given in Fig. 4.4.

One recognizes that the trumpet has a limiting frequency ot 500 Hz, the actual
directional effect only begins above that frequency. The 3 dB curve initially drops
1apidly and after several intermediate maxima, reaches an approximate steady value of
for frequencies from 4,000 Hz upwards. These intermediate maxima, come about
by the fact that the sound within the bell is no longer propagated as a plane wave, and
Ltherefore, a linear phase propagation is no longer present across the bell area. The

Maximum near 800 Hz corresponds to a width of the main radiation region of
Nearly 270°, the second maximum near 1,200 Hz, possesses a value of 135°.
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Assigning this directional characteristic to the region of the fundamental : i
formant of the trumpet sound, enables the upper picture of Fig. 4.4. The funda
tals of the higher registers exceed the region of omnidirectional radiation by
than an octave; the strongest tone contributions in the region of the main for
already form a clear lobe: The 3 dB region has a width of approximately 260

' The 10 dB curve up to 1,100 Hz runs near 360°, i.e., only above these fi
cies appear amplitudes which lie more than 10 dB below the maximum value.
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curve falls even more steeply and exhibits only relatively minor waviness in the
direction of higher frequencies. In the region near 1,300 Hz, it has already dropped
to 180°. From this it is recognized that the amplitude to the side and above the
performer is just 10 dB less than in the direction of the axis. For very high
frequencies, the 10 dB width of the main radiation region narrows to values
between 45° and 75°. All these data refer to a concert trumpet of standard bore.
For narrower jazz instruments, these curves are shifted to higher frequencies: The
first maximum moves from 800 to 890 Hz, and the second from 1,200 to 1,260 Hz.
However, the half widths are not changed for the higher frequencies.

The sharper concentration which occurs with rising frequencies also becomes
noticeable in the magnitude of the statistical directivity factor: While at 2,000 Hz it
only has a value of 2.3 in the direction of strongest sound radiation, it rises to over
4 4 near 6,300 Hz and up to 6.6 at 15,000 Hz. This corresponds to a directivity index
of 7.3dB at 2,000 Hz, 12.8 dB at 6,000 Hz, and 16.4 dB at 15,000 Hz. Theses values
characterize the extremely pronounced directional effect of the trumpet. A tabular
summary of the angular dependence of the statistical directivity factor, as needed
for the calculation of curves for the so-called, diffuse field distance in rooms (see
Sect. 6.1.3) is given in the appendix (page 323 of original German Text).

4.2.2 The Trombone

Polar diagrams for trombones exhibit fundamentally similar configurations as those
for trumpets, all typical characteristics are merely shifted toward lower frequencies
by reason of the larger dimensions of the flare (Meyer and Wogram, 1970). In
comparison to the main radiation direction, the intensity decrease toward the side
amounts to 18 dB already at 1,500 Hz. It then rises to above 25 dB at 4,000 Hz, and
to values slightly more than 25 dB in the region near 8,000 Hz. Correspondingly,
already near 1,500 Hz, the radiation toward the back is also more than 10 dB weaker
than from the bell. Near 4,000 Hz, this level difference rises to about 18 dB, and at
8,000 Hz it reaches a value of 25 dB. Again, these values from the front/back ratio

assume that the sound radiation is not essentially hindered by the music stand.
The diagram for the 3 and 10 dB regions in Fig. 4.4, shows a structure similar to
that' f‘ff atrumpet, the curves are simply shifted toward lower frequencies. Thus, the
Tadiation is omnidirectional up to about 400 Hz. The first secondary maximum of
the 3 dB cyrve (near about 650 Hz) also reaches a width of nearly 270°, the second
lzl‘:)\;l);ver, rises less strongly above the course of the curve. In the region between
c(’mce and _5,000 Hz, the half width amounts to approximately 45°. Accordingly, the
B br(;tratlons for frequency contributions near 2,000 Hz, are sharper. for the
51000 éle than for the trumpet. These relations are reversed in the region near
ﬂ;)tewo Z}-1 In the context of considering the sound radiation of the Frombone', 1F is
Bsion rthy that the fuqdamentals fall largely into the omnidirectional radlatilon
l'Oade’ratr;ld that the main formant is radiated in a less concentrated pattern, i.e.,
» than for a trumpet: For the strongest tone contribution of the trombone, the
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3 dB region has a width of about +90°. A corresponding tendency is alsg
for the 20 dB curve. Reference should be made to the fact that for a trg
already at a 1,000 Hz, the 10 dB line runs through 180°, and that below 900
longer deviates from 360°. It is furthermore noticed, that for trombones of
bores and bells, no noticeable differences in directional characteristics
served. : il
This statistical directivity factor reaches values which lie only slightly bel
those of trumpets of comparable frequencies (i.e., for the trombone, one o¢
below the trumpet): For the direction of the strongest radiation at 1,000 Hz it is
-3, for 10,000 Hz it is 6.1. This corresponds to a directivity in

6.3 dB at 1,000 Hz, 13 dB at 3,000 Hz, and 15.6 dB at 10,000 Hz. Again, the :,.,
dependence of the statistical directivity factors is given in tabular form in
appendix (page 323 of original German Text). 1

4.2.3 The Tuba

In the tuba the bore is wider and conical, consequently the sound radiation re ati
ships are somewhat different than for the trumpet and the trombone (Meyer a
Wogram, 1970). Even though directional characteristics can be considered
spherical only below 75 Hz, discrete secondary maxima and deep cuts only C(
for relatively high frequencies (roughly above 1,000 Hz). In the region near
the radiated amplitudes toward the side, the front and back reach an attenu ',_\
value of about 10 dB in comparison with the principal direction. At 800 Hz the e
drop in a plane perpendicular to the bell axis amounts to 20 dB, at 2,000 Hz
28 dB. In contrast, in the direction pointing away from the bell, the intensity dr
less strongly with increasing frequency: at 500 Hz the drop is 10 dB as w
however, at 800 Hz it is only about 15 dB, and at 2,000 Hz around 22 dB.
By reason of the large cone shape, and the relatively weak loading of the
large separation between the 3 dB and the 10 dB curves results for the tuba in:
region of low frequencies, as shown in Fig. 4.5. Thus the half width above
drops sharply, and already at 100 Hz reaches a value of 180°. The first maximu
rather weak, and the subsequent ones are almost unnoticeable. In the
between 300 and 400 Hz, the principal radiation region covers approxim
right angle and narrows to about 30° from 1,100 Hz on upward. Up to about 4 01
the 10 dB curve runs at about 360°, and then drops even more rapidly than for 0 v
instruments. Below 450 Hz it intersects the 180° line and reaches a value of 9
near 1,000 Hz. g
The statistical directivity factor has a value of 1.45 already at 125 Hz for -
direction of strongest sound radiation, however, it rises to 2.0 at 400 Hz and 4
1,000 Hz, and at 2,000 Hz with a value of 6.6, it reaches the same magnitude
trumpet at its highest frequencies. Values of 3.2 dB at 125 Hz, 6 dB at 400 H

13 dB at 1,000 Hz, and 16.4 dB at 2,000 Hz correspond to this for the direcivi
index. :
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Fig. 4.5 Width of the principal radiation regions of a tuba

424 The French Horn

The directional characteristics of a French horn are not quite as transparent as tl.lose
for other brass instruments, since they are not solely determined by the bel.l. Since
the horn player inserts the right hand into the bell ope.ning while playing, the
soundfield is already influenced at that point. The bending of the sound around
the body of the performer also plays arole, since the instrument Is held very clos<_z to
the body. Finally, the angled position of the horn further Compllgatfzs relationships.
For all these reasons considerations of directional characteristics demand the
combined treatment of instrument and player as a unit (Meyer and Wogram, 196?).
Because of the absence of rotational symmetry, it is necessary to festr}ct
consideration of directional effects to a few planes, as already suggested in Elg.
4.3.In order to be able to describe the location and width of the principal ra(_ilatlon
regions, the angular coordinates used are represented in Fig. 4.6. In the horizontal
plane the (° line coincides with the direction of sight, from there, angles are
Measured in the clockwise direction while looking at the player from the top. In
the vertical planes the 0° direction lies in the horizontal plane, so that the angular
Measures indicate elevation above the horizontal. =0
As can be recognized from the models in Fig. 4.3, the directional Charact.erlstlc':s
350 Hz as a whole give a relatively round impression, however, the.amphtude in
the upwarg direction is by about 7 dB less than in the principal direction. At 1,500
this upward attenuation increases to about 15 dB, and at 6,000 dB to above 25
dB. The front/back ratio, relative to the direction of sight of the player, shows the
Peculiar tendency to possess the largest value of almost 20 dB in the _region of 1,790
» and to decrease both in the direction of increasing and decreasing frequencies
(with o Minimum at 1,000 Hz and a secondary maximum at 800 Hz). In this context
energy radiated toward the back is always larger than in the direction of sight, as
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Fig. 4.6 Polar Coordinates for directional characteristics of the French horn

will be illustrated in Fig. 7.27 in a later context. The region of smallest sou
radiation is located toward the left side of the performer. At most frequencies
oriented at an upward angle, only in the region around 1,000 Hz is it orien
located nearly horizontally. Around 6,300 Hz, amplitudes smaller than —30 ¢
occur for a wide angular region. In these directions, the model no longer
values, but rather consists only of black bows; the minimum of —40 dB lies at 3
in the horizontal plane. -
In Fig. 4.7, those angular regions are graphically represented for which
amplitudes do not drop below the maximum values of the corresponding plar
by more than 3 dB or 10 dB respectfully. In the partial pictures for the indi
planes, the frequencies of the fundamental or overtones respectively, run from
to right, the direction of sound radiation corresponding to the coordinates givi
Fig. 4.6 is given on the upward axis. In the horizontal plane, the direc
characteristics below 100 Hz can be given as uniform for all sides. Initially
weakening on the left side of the player is noticeable with increasing frequenc
Already at 200 Hz, this leads to a narrowing of the principal radiation region to le
than a semicircle. After a subsequent widening near 400 Hz, the region of stronge
radiation between 600 and 900 Hz is concentrated in an angular region somev he
between 100 and 200° Above 1,000 Hz, the maximum is relocated at ang
between about 80 and 130°, and at the same time, it becomes significantly sm
Finally, at high frequencies, only a narrow zone near 140° is formed.
In the horizontal plane, the amplitude drops below the 10 dB boundary only abov
500 Hz. The location of the white areas then clearly shows, how, with increasil
frequency, the sound radiation is narrowly concentrated near the maximal direct
In that context, the weak secondary maximum in the region around 330°, i.e.,_to
the left front, needs to be pointed out. It still contains frequencies up to approx
1,700 Hz.
In the vertical planes, the 3 dB regions below 100 Hz are also closed; thus,
these low frequencies the horn, including the influence of the player, can
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Fig. 4.7 Angular range of the principal radiation regions for the French Horn (with player)

considered as a spherical radiator. The plane running from left to right indicates a
preference toward the right side as a whole. In a shallow angle of 0~15°, the strong
amplitudes are maintained over the entire frequency regions. Furthermore, several
maxima with various frequencies and angular locations are directed upwards
toward the right. Toward the left of the player, already starting with 500 Hz, several
dips occur which fall below the 10 dB boundary (similar to the horizontal plane).

The vertical plane, oriented from front-to-back, shows a larger area for the half-
value region; aside from two dips, which are angled upward at about 30° at
frequencies around 200 Hz, the characteristic is round up to 300 Hz. Up to
600 Hz and again at around 1,000 Hz, strong sound radiation is found toward the
front Upwards. Above that however, the main intensity is concentrated in a rather
§ha110w angle toward the back. In the region of higher frequencies, the amplitudes
In the fronta] region from the horizontal up to nearly the vertical, lie by more than
10dB below the maximum value.

_At500 Hz, the statistical directivity factor takes on a value of 1.7 for the relevant
e‘ftiOH of strongest sound radiation, at 1,000 Hz, it goes up to 2.4, and at 3,000
It reaches a value of 4.8 The corresponding values for the directivity index are

$5dB at 500 Hy, 7.5 4B o 1,000 Hz, and 13.6 dB at 3,000 Hz.
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For stopped tones, directional characteristics are changed in such a
§0und contributions around 1,500 Hz, as well as 6,000 Hz, are radiag
ncreased measure upward and toward the front, while components between -
and 1,000 Hz, as well as between 2,000 and 4,000 Hz are more sharp] c:et;
than for open blowing, where the preferential direction is essentially detg e}
the bell in spite of the damping hand (see Fig. 4.13). When the hom is blown
open manner (i.e., without hand in the bell), a definite concentration in the djre
of fhe bell axis occurs. In the region around 1,000 Hz, the half value width is
_6OV which is narrowed to 22° for the highest tone contributions. A uniform
in all directions appears below about 175 Hz. 3

way |
ed in

4.3 Woodwind Instruments

4.3.1 The Flute

Sound radiation of the flute is characterized by the fact that energy is given off b
blow hole as well as by the first open tone hole (the open end for the lowest
Thl‘lS, the flute as a sound radiator, functions as a dipole. For the fundamental
which are not overblown, these two sound sources have a separation of appro
maFely half a wavelength. Consequently, a directional effect similar to that of op
labial pip.es.of an organ are observed (Franz et al., 1969, 1970), however, the “V«
characteristics are even more typically pronounced, since in contrast to organ pij
the two partial sources are practically equally strong for the cylindrical tran: *
flute and furthermore, the two sound sources approach the half wavelength val :
the fundamental frequency more closely because of the narrower bore.
F.‘or the not overblown tones, i.e., in the region from C, to Ds, the standing waves:
the instrument (including the end corrections on both ends), include half a v v
length whereby both ends vibrate in phase. Consequently, the vibrations origin
from the two partial sources nearly cancel in the direction of the instrume
rf.:asor} of the time delay which corresponds to half a vibrational period. In #
d}rect?on perpendicular to the instrumental axis, they add however, so that th
dII‘eC.tIOIl is expected to be the direction of strongest radiation. R
Similarly, the directional characteristics for overtones of the flute sound ca n b
explaine.d from the dipole behavior. Thus, the relative separation of the two parti
sources increases with the ordinal number of the partial tones: For the 2nd partial,
amounts to two half wavelengths for the 3rd partial, three half wavelengths, et
addition, the phase relationship between the two sound sources needs to be consic
ered; whenever there is an odd number of half wavelengths in the instrument, :
ends vibrate in phase, for an even number of half wavelengths however, out 0
phase. Thus, for example, for the 2nd partial, a maximum attenuation occurs both
the direction of the instrument axis and perpendicular to it, because the vibrations 0
the two out of phase vibrating partial sources show a time delay of a full period
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the first case, while in the second case, it occurs without time difference (Bork,
1991b). The dipole characteristics explained in this manner, can be clearly observed
up to the 6th partial. o

For the tones, overblown as an octave, from Ebs to Dg, the same sound radiation
relationships occur, as for the even partials of the tones played an octave lower. The
two partial sources always find themselves in opposite phase, for the overtone
series, their separation always is an even multiple of the half wavelength. A typical
dipole character is formed, especially for the first three partials. At higher frequen-
cies, i.e., approximately from 3,000 Hz upwards, other effects are super-imposed,
which, by reason of a traveling wave, within the instrument shift the angular regions
of maximum sound radiation more into the direction of the open end (Bork, 1991a).

A general view of the principal radiation regions is given in Fig. 4.8. Since, as
explained, the directional effect not only depends on frequency, but also on the
order of the overtones, the 3 dB region and the 10 dB region are given in separate
partial pictures (in contrast to corresponding representations for other instruments).
In each diagram, frequency runs from left to right, directions are recorded from
bottom to top, where 90° indicates the instrumental axis in the direction of the open
end, 0°, the direction perpendicular to that, toward the front, which is approximate-
ly in the direction of view for the player (not exactly because the flute is mostly held
with a slight turn against the axis of the head.

In contrast to all other wind instruments, the directional characteristics of the flute
depends almost exclusively on the order of the resonances and not on their frequency
location. Thus, for example, for all fundamentals of not overblown tones, this results
ina 3 dB region from about 327 to 33° and from 147 to 213°. This region is entered
and shaded in the left partial picture between 260 and 590 Hz, corresponding to the
frequency location of the fundamentals. For the octave partials, four preferential
regions arise which follow from 520 to 1,180 Hz. The number of maxima increases
Wwith rising order, however, as individual fields, they become ever narrower.
Furthermore, shadowing by the head becomes noticeable toward the back and the
left. In order to be able to assign a specific sound field to a particular overtone, the
f{equency regions of the partials of Ist to 6th order are shown above the 3 dB
diagram for tones which are not overblown, as well as for the 1st through 3rd order
OcCtave partials, Furthermore, the even partials of the not overblown tones (valid also
for the partial series of overblown tones) are represented with bold boundaries
10 make them stand out in contrast to the odd harmonics.

’ The diagram for the 10 dB region contains only fields for the first four partials,
Since there are no lowered dips in the subsequent frequency region. Only above
53000_Hz are the amplitudes lowered below the 10 dB boundary in the rearward
;:)ll':ctlon. However, the regions of weaker sound radiation are important for the
€ partials. Thus, in the 0° direction a drop of 10 dB is present for the even
panfalS,_While the odd partials possess a maximum in that region as shown in the
ip;alt;ll?l ;lctur.e on the left. Accordingly, the odd partials can dominate the spectrum
for thse lre.Ctlon, §o that the tone has a hollow effect. In contrast, the largest intensity
entire series of partials (below about 5,000 Hz) can be expected toward the
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Fig. 4.8 Angular range of the principal radiation regions of the flute (with player)

side in a region between 20 and 30°, as well as the directions located symmetrl
toward Fhese. As recognized from a comparison below 0° and below 180° the fron
back ratio for the flute is very small. For the first partial it is approximately 0 dB an
remains below 10 dB even for the highest frequencies. ;
Fon_r the flute, the statistic directivity factor does not reach values as high as
brass instruments. For the relevant principal directions a value of 1.45 is found f
the not overblown fundamentals (in the direction of sight only) as well as fort
octave partials, i.e., overblown fundamentals (below approximately 35° on boi
SI.des _of the direction of sight), this corresponds to a value of 3.2 dB for t
dlre.ctlvny index. For those frontal directions in which both fundamental and o€l
partials are radiated strongly, the statistical directivity factor is approximately 1
(corresponding to 2.3 dB). Even for the very high frequencies at about 6,000 Hz, th
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Fig.4.9 Time changes of the sound spectrum for a flute vibrato (note Gs). Left: toward the side in
the direction of the instrument axis. Righr: upward in front of the player

statistical directivity factor only rises to a value of about 2.2 which corresponds to a
directivity index of 6.8 dB.

All data given so far concerning the directional characteristics of the flute refer
only to the sound radiation of harmonic partials. For the attack noise, which, in
larger or smaller measure, can give a particular character to the flute sound, no
dipole characteristic is formed. The attack noise is radiated almost exclusively from
the mouth, because in this case the mouth hole functions almost like a spherical
radiator. As shown in Fig. 4.9, the noise level is therefore higher toward the front
(fmd in a wide angle region of unimpeded radiation) than toward the side where
significant shadowing is observed. Nevertheless, the strength of the noise contribu-
tions radiated toward the side is noticeable for frequencies of more than 10,000 Hz.

In addition it should be noted for historic flutes with a strong conical bore, that the
Sound radiation of the harmonic components comes predominantly from the mouth
hole. As a result, the directional characteristic is relatively round, above all, the dips
belov.v 90° are no longer pronounced. Furthermore, the odd partials no longer domi-
Nate in the 0° direction above the even ones. This difference from normal flutes is

above al| important for microphone recordings at relatively smail distances.

432 The Oboe

Inas - : o ,
g amUCh S Inreed instruments the upper end of the exciting reed does not function
Sound radiator — in contrast to the mouth hole of the flute — no dipole nature is
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observed in the directional characteristics, they are determined by other Pheno
(Meyer, 1966b). Since the actual sound source is small in comparison
wavelength, the low frequency components are radiated spherically,

as recog;
from the polar diagrams of Fig. 4.2. In the region of the mid freque

instrument axis (0°) is observed. For very high frequencies, the sound rag
occurs predominantly from the bell, i.e., from the open end of the instrument, v h
again, with increasing frequency, traveling waves in the instrument dominate o
standing waves. This results in a relatively sharp concentration in the directig
the instrument axis, as the polar diagram shows for 10,000 Hz in Fig. 4.2,

The group radiation effect in the region of mid frequencies is naturally inf

represents the region in which the sound level does not drop by more than
below its maximum value for the relevant frequency. The 10 dB region is
sented in the partial images for the individual notes by thin lines correspondin;
the frequency location of the overtones. :
From these summary diagrams it can be recognized that in the lower end
tonal range, already at 500 Hz, the radiation is no longer spherical. While in the m
range up to about 600 Hz uniform radiation in all directions is present. In cont
at C{ the preferred region for the fundamental (approximately 550 Hz) is alreac
relatively narrow. Disregarding a few variants in the nature of depressions aro!
0°, the possibility is opened, by virtue of the similarity of these three tones, ck
as extremes, to determine the average value for all notes as a typical characte:
for the oboe. This result is represented in the right partial image, where the 10 d
region is represented by the light shading. :
From this representation it can be determined that the typical sound radiati
the oboe is spherical up to 500 Hz. The principal sound radiation region bec:
narrower with increasing frequency, where, beginning at approximately 800 &
decrease occurs in the (° direction. Therefore, in the region around 1,090 Hz !
preference directions lie sideways in the region of +60°. For further in

i
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Fig. 4.10 Angular region of the principal radiation directions the oboe for different notes as well
a5 an average value for the entire tonal range

frequencies they again move close to the central axis and they come together at
around 5,000 Hz. Between about 1,000 and 2,000 Hz the 0° drop is deeper than
10 dB.

Since the oboe is small in comparison to the size and body of the plaYF?rs the SQUf}d
is blocked by the musician toward the rear and also toward the side. Th1§ effect is in
addition to the directional characteristic of the instrument. This results in a front to
back ratio of approximately 15-18 dB for the tone contributions from 1,000. Hz on
Upwards. To what degree this shadowing effect is also noticeable toward the side can
be observed from the diagrams in Fig. 4.11, where the level di'fference. for these
directions is represented in relationship to the level in the direction of Slght of the
Player. It is notable that the oboe is approximately 5 dB weaker toward the side than
in the direction of sight. )

The statistical directivity factor is not very large in the region of .th.e group
Tadiation effect since, for a rotationally symmetric directional characterlstlc. about
the 0-180- axis, the preferred region lies near the equator and thus for a width of
30° already €ncompasses a significant portion of the entire sphere surface. In
Contrast, for very high frequencies a relatively narrow region around. tf}e pole results
With concentrations around (°. Consequently, the statistical directivity factor and

€ Principal radiation direction amounts to only 1.2 at 1,000 Hz which corresponds
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Fig. 4.11 Weakening of the sound
level in comparison to the direction
of sight of the player. The spread
applies for frequencies above 1,000
Hz (for oboe and clarinet) and 500
Hz (for the bassoon)

Relative sound level
I
-
(&)

120° 150° 180°
To the side of Behind the
the performer permormer

to a directivity index of 1.5 dB. These numbers, however, do not take into 2
the shadowing by the player. In practice, therefore, one can assume a statistj
directivity factor of around 1.5 with a directivity index of 3.5 dB for the
contributions around 1,000 Hz. Finally, for 10,000 Hz a statistical directivity

of 3.6 is found (corresponding to 11 dB), which is a value smaller than for b
instruments.

4.3.3 The Clarinet

In spite of the different nature of the mouthpiece with a single reed and in spi
the nearly cylindrical bore, the clarinet has directional characteristics similar

oboe. As a comparison of the principal radiation region shows in Fig. 4.12, 1

the preferred regions of the clarinet are somewhat narrower. Here the dire
properties of the group radiator effect are determined by the open tone hol
However, the central dip near the 0° line is extended over a broader angl&s
particular the area for which the sound level lies by more than 10 dB below t
maximum is also larger. For the lower notes of the tonal range this drop pos
depth of nearly 20 dB, in the upper registers this drops to values which lie
slightly above 10 dB (Meyer, 1965b).

A noticeable departure from the oboe, and also the bassoon, consists in the
that for the clarinet the island-like maxima are missing, which for the o
instruments in certain frequency regions lead to a clover leaf-like dir'ectl !
characteristic (compare the polar diagram of the oboe at 1,750 Hz in Fig. 4
The reason for this behavior can be found in the fact that in the clarinet the bél
more pronounced and consequently the sound radiation in this direction is Stron :
than in the direction located symmetrically to that in the rear. These second
maxima are therefore only observed in the subdivision of the 10 dB areas. For
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Fig. 4.12 Angular region of principal radiation for oboe, clarinet, and bassoon (average value for
entire tonal range)

high frequencies, the characteristics of oboe and clarinet are practlcallysrz)(()) II(;nger
distinguishable after the central depression becomes closed at arOL.md 3,' o z.t A

A shadowing of the sound by the player is not as strong for the clarmgt asitis 0111‘ e
oboe since its size is slightly larger. Furthermore, the fact that the clarinet normally hls
held slightly steeper than the oboe during performance, becomes an ad.vant.age for the
front-back ratio. As can be seen from Fig. 4.11, a level for tonal contrlb}ltlons above
1,000 Hz is approximately 13 dB below the level in the direct.ion of sight. '.TOWde‘d
the side a difference of only 1.5-3 dB is noticed in comparison to the direction
of sight.

The statistical directivity factor is slightly larger than for the oboe., as already
€xpected by the slightly narrower principal radiation region of the c?armet. 'It ha§ a
value of 2.0 corresponding to a directivity index of 6 dB at I,OQO Hz in the dlrectLon
of the maximum level (approximately near +75°) with consideration of the s. a-
dowing by the player. At 5,000 Hz a statistical directivity factolr 4.5 (correspondmg
10 13 dB) results for the 0° direction. Here the effect of the bell is clearly noticeable.

434 The Bassoon

COH‘esponding to the larger dimensions of the bassoon and its lower_pltch, the
WPical marks of the directional characteristics in comparison to the higher reed
nstruments have been shifted to lower frequencies (Meyer, 1966b). Thus the
Spherical radiation is present only below 250 Hz. Above that, preferential

Tegions are formed toward the side which rather quickly approach the 0° axis
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with increasing frequency, which, however, at about 500 Hz change the locat
only slowly. Consequently, the central decrease is relatively broad in the rep
around 300 Hz and extends in narrow form to above 2,000 Hz. Here ﬂm
contribution for which the level lies by more then 10 dB below the maximum
is relatively large, however there are no values with more than 15 dB.

In the frequency region between 550 and 1,300 Hz, similarly as for the
four angular regions of preferred sound radiation appear which are distriby
clover leaf fashion. Above 2,000 Hz the lobes become very narrow and at 5,0
reach a half width of only +20°. These concentrations of sound radiation
important role in the tonal effect because of the upward direction of the bell,

The shadowing effect of the player is relatively minor for the bassoon. On the
hand, this is the result of the size of the instrument — there is hardly an angle t
the musician from which not a portion of the instrument is visible — on the other
the lower tone contributions are more readily refracted around the player.
comparing levels in directions toward the side with those in the direction of
the player, differences, as entered in Fig. 4.11, are negligibly small. Not
an angle exceeds 120° does the decrease reach a value of 3 dB. The front
relation then falls into the order of magnitude of 3—7 dB, it is thus signifi
smaller than for the oboe and the clarinet. The relatively broad spread for the
values of the bassoon are determined on the one hand by the directional charac
istics, and the lesser shadowing effect on the other hand. As made clear by t
principal radiation regions in Fig. 4.12, the tone contributions between 550
1,300 Hz are radiated especially strongly toward the rear by reason of the sec
maxima around 240°, while preference is given toward the front of the inst
for components between 400 and 550 Hz, as well as for those above 1,500 Hz.

The statistical directivity factor is relatively small, as is the case for the g_’
instruments in the mid range, because of the equatorial principal radiation region. .
350 Hz the shadowing effect by the player is relatively small, so that the statisti
directivity factor for the principal direction comes to a value of about 1.4, v
corresponds to a directivity index of 3 dB. This is raised to 2.1 (corresponding |
dB) at 2,000 Hz and after the joining of the sideways maxima at 3,500 Hz t
(corresponding to 8 dB).

4.4 String Instruments

4.4.1 General Considerations

The directional dependence of sound radiation for string instruments rests on

subdivision of vibrating plates into zones of different amplitudes and phases. A ;
to that, especially at low frequencies, is the sound radiation by the air space throis
the f-holes. The directional characteristics, therefore, depend on frequency but ak
on the structure of the wood so that based on material characteristics, €
instrument exhibits individual patterns. Nevertheless, for a large number of if
ments, common tendencies are found for the sound radiation. This presents
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Fig. 4.13 Directional characteristics of the violin at 1,000 Hz. Top: polar Qiagrfim of three
different instruments. Botrom: histogram for the principal radiation regions (of eight instruments)

possibility of describing directional characteristics with some generality for the
violin, the viola, the cello, and the bass, including essential characteristics for these
instrument groups.

As an example, polar diagrams are given in Fig. 4.13 for three different violins.
Each case represents a directional characteristic at a frequency of 1,000 Hz. As a
comparison of the boundaries of the 3 dB region shows, similarities are recognizable
with respect to regions of preferred sound radiation, in spite of individual differ-
ences. In order to obtain an average value for the results of all instruments of
a family, the number of instruments was determined for which a preferred region
(in the sense of a 3 dB and a 10 dB limit) exists in the corresponding angular region.
The result for the frequency of 1,000 Hz is also summarized in Fig. 4.13 in the form
of a histogram. In this partial picture, the probability that in a given direction a
principal radiation region is found, is entered as the abscissa above the angular
direction. When the probability reaches the value 1, then all evaluated instruments
?Xhibit a preferential region for this angle. For lesser values there are correspond-
Ingly fewer instruments.

In the example pictured, the results for eight violins are summarized as described.

fecognizes that between 275 and 325° all instruments have a 3 dB region and
between 258 and 15° there are only seven instruments, etc. In contrast, none of
investigated violins have their preferred region of sound radiation in the range

of 75-195¢. Such an average value formation was also carried out for the 10 dB range.
Of the eight instruments, never did more than four drop below the 10 dB limit in any
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direction so that the probability does not drop below 0.5 for any orientatioy
Between 220 and 85° a grouping of the 10 dB regions occur, which reaches it
maximum between 270 and 65°. With this procedure one consequently obta
grouping effect in the characteristic radiation regions, while the idiosyncrasi
the individual instruments become less important because of their non
distribution.

An important characteristic of principal radiation regions for string insts
can be seen in the fact that the relationship between the harmonic tone contrib
and the unavoidable noise mixtures is especially favorable. Fig. 4.14 sho
comparison of two directional characteristics. One for a steadily vibrating sin
dal tone of 1,250 Hz and the other for a narrow band rush noise of 1,250 Hz
frequency. Both curves show the same basic shape, however, the typical differe;
can be recognized, which can be summarized as a generalization:

1. The narrow and deep cuts in the curve for sinusoidal excitation are not as we
pronounced for the noise and occur mostly only as shallow depressions.

2. The half width of the principal radiation region is greater for noise compo:
and can certainly assume values of twice that for the sinusoidal tone.
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Fig. 4.15 Tonal spectra of a viola under excitation by a mixture of white noise and a sinusoidal
tone. The angular indications refer to the polar diagram on Fig. 4.68

3. The noise contributions in the entire frequency region hardly ever fall below the
10 dB limit. Only in the region of middle frequencies a number of depressions
occur which, however, are rarely broader than 90°.

Consequently, the noise separation is largest in the principal radiation region,
While in those directions for which the sinusoidal directional characteristics show
deep indentations it is least favorable. Fig. 4.15 gives an example for this. It
contains sound spectra which are radiated by a viola in two directions when the
ln‘Strument is simultaneously excited by the sinusoidal tone and white noise. The
"}lddle diagram corresponds to principal radiation directions, while the bottom
diagram shows the relation in the direction of the deep incision of Fig. 4.14. It is
cie{” ly evident that the noise components differ in intensity only by an order of 5 dB
While the sinusoidal tone changes by approximately 30 dB and consequently hardly
eXceeds the noise level in the lower diagram.
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Fig. 4.16 Time variations of the tonal spectrum for a violin vibrato. Left: perpendicular to
violin top plate. Right: in the direction of the neck 3

Since in a string instrument each body resonance has its own directional charas
teristic, this can lead to interesting phenomena. For example: In a vibrato, a p
can excite several overlapping resonances, with one resonance dominating in
direction, and a separate resonance in another. Fig. 4.16 shows an excerpt fi
vibrating violin tone which was recorded once in a direction perpendicular to t
top plate and once along the direction of the violin neck. In this example the
partial varies only slightly in the direction of the neck while the level ¢
perpendicular to the plate is approximately 20 dB. Also the 7th partial va
the direction of the neck only slightly while in the direction perpendicular to
plate it clearly evidences the double frequency of the vibrato. The 9th partial 2
varies with a double frequency in both directions, however, in opposite phase. Int
left partial image the level goes through minima at the lowest and highest frequer
and the maxima are reached at a frequency lying somewhere in the middle. In the
right picture the level experiences its maxima at the lowest and highest frequ
and the minima at the mid frequencies. This type of directional dependence
sound radiation is a particular characteristic of the string instrument sound. It_ is
one of the reasons why electronic imitations never, and even good recordings
actual instruments, only very rarely, sound natural in speaker reproductions.

4.4.2 The Violin

The principal radiation regions for the violin are represented in Figs. 4.17-4.19 2
histograms for a number of frequencies. They refer to conditions in the plilnf3 of
bridge, i.e., in a plane perpendicular to the instrument as well as to sound radial
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Fig.4.17 Histogram for the principal radiation directions (0 — 3dB) for violins (bridge plane). Red
areas:.Angular region for first violins oriented toward the audience directly or with one ceiling
reﬂt‘:ctlon. Blue areas: the corresponding angular region for the second violins with European
seating (See Color Plate 2 following p. 178)

?horizontal plane where the angled position of the instrument during performance
18 Zflready considered. The color coded regions point to the difference in sound
radlati'on between the first and second violins in the orchestra when they are placed
0ppqsxte each other in the so-called European seating. This question will be
Considered later. At this point, only the nature of the curves in the individual partial

Images is of interest.
Already a cursory look makes plain that the directional characteristics of string
4 :lflllments in‘thei.r frequency dependence do not exhibit the same steady tendency
ose for wind instruments. Rather, frequent changes relative to the direction of
f:eif(e)”efl So_und radiation occur. This becomes very clear when examining the 3 dB
difecgs in Figs. 4.17_ and 4.18. Thus, in the plane of the bridge there is practically no
diagraronnal effec't 'CVIant below 4.00 Hz, as the r.ectangular histograms show. In this
- probability over the'z eptlre aggular region maintains a value of 1. Also in
B ng :));1 around 550 Hz, violins .ra('hate uniformly in all directions. In between, a
preferred top-plate radiation (around 425 Hz) as well as a region of

ins




154 4 Directional

17 700 Hz 2500 Hz
0,51 jl ﬂ
o.
17 3000 Hz
o T
0 e LA

' 3500 Hz
O’Sdm ,mm
0- = e H” =
4 1250 Hz 4000 Hz
0,51
0.
N sow 1500 Hz 4500 Hz
0- :

2000 Hz 5000 Hz

17
Or——‘—i—‘—!_I——ln——l—'l— = ——et

180° 270° 0° 90° 180° 270° 0° 90° 180° 270° 0° 90° 180°
1270"

180°
-—

o)
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Red areas: Angular region for first violins oriented directly toward the audience. Blue
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Plate 3 following p. 178) :

preferred back-plate radiation (around 500 Hz) is located. In contrast, there &
essential deviation from uniform sound emission in all directions in the hori
plane, only from 550 Hz on, a concentration near 0° with a secondary ma -
toward the back is observed. Correspondingly, there are higher values in the briGg
plane near 650 and 700 Hz in the region around 90°, i.e., toward the back Of_
instrument. g

While for 800 Hz no uniform concentration is noted in either plane, in the regio
1,000 and 1,250 Hz again, clear maxima are formed. In the horizontal plane, the .
near 0°, that is, they are directed toward the right from the standpoint of th.e playe
and extend between 270 and 45° in the bridge plane. This results in preferent'la! -
radiation by the top plate. The diagrams for 1,500 Hz and 2,000 Hz show a divisiO
the bridge plane into two maxima, while at higher frequencies the principal radi
zones are concentrated in an angular region around 0° which is perpendicular
top plate. In the horizontal plane the high frequency maxima are distributed 1n E
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Fig. 4.19 Histograms for directions of principal sound radiation (0-10 dB) for violins

relatively broad region between 270 and 90°. Comparatively strong concentrations
for frequencies of 4,000 and 4,500 Hz at around 300° are noteworthy. This nearly
approximates the direction of sight for the player. In this context it should be noted
that many old Italian violins, valued for their tone quality, possess a directional
characteristic for which the principal radiation regions are concentrated into the
angular regions which are directed by the top plate of the instrument into the hall
(Meyer, 1964b).

For angular regions in which the sound level does not drop by more than 10 dB
below the maximum value there are no deviations from isotropic radiation up to
600 Hz. In Fig. 4.19, therefore, only histograms for frequencies above 700 Hz are
n?P“?Sented. In the partial pictures for the bridge plane, a relatively uniform
fhsﬂlbution is recognized at 700 and 800 Hz, also from 2,000 Hz on upward there
1810 more pronounced concentration in certain angular regions. A sharper sound
‘l’osnggntration, however, is present in the frequency region from about 1,000 to
“;her Hz. Thrs result also finds support in the diagrams for the horizontal plane

¢ especially at 1,000 Hz near 270° and 100°, that is, in the direction of the
) gel'.board, and the opposite direction, all instruments exhibit decreases in the
Ctional characteristics, which are deeper than 10 dB.
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The particular concentrated sound radiation of the violin around 1,000 Hz a
becomes noticeable in the determination of the front — back ratio. In reference
normal seating arrangement of violins on the podium, this refers to the relationsh
of the amplitude of the sound radiation to the right (0°), to the value toward the I
(180°). A difference of about 7.5 dB is obtained for frequencies around 1,000 H
For higher frequencies as well as for lower registers, this front — back ratio .;ﬁ
decreases. In a very narrow region around 500 Hz even negative values are obtaing
because of the preferred floor radiation, however, already at 425 and 600 Hz th
radiation toward the right is stronger by about 3 dB. A decrease of the front — bac
ratio at higher frequencies by about 3 dB should not cover the fact that vic
radiate these tonal contributions on the right side predominantly upwards so that t
this means additional energy reaches the hall. 3
The statistical directivity factor for the principal radiation directions r,',
near values of 1.25 in the neighborhood of the region of top and back plat
resonances (425-550 Hz) and in the frequency region of about 1,000-1,250 7 i
reaches its highest value of 2.1. For yet higher frequencies it drops to an averag
of 1.5 at 3,000 Hz. This, however, does not exclude the possibility that it can b
significantly higher for individual, strong resonances. This corresponds to
directivity index of 1.8 dB for 425-550 Hz, 6.2 dB for around 1,000 Hz, ¥
dB around 3,000 Hz.

4.4.3 The Viola

The directional characteristics of the viola have great similarity with the vio
since the size difference between the two instrument groups is relatively smal
(Meyer 1967a). For very high frequencies the radiation of the viola is, howeve
concentrated more sharply. In detail, the principal radiation regions of the viola a
again given as histograms for the 3 dB regions in Figs. 4.20 and 4.21. Initially it ca
be noted that the radiation for frequencies up to 500 can be essentially designated a
spherical, merely in the region around 200 Hz, many instruments show a di
radiation from the top plate and the F holes. However, exceptions for individ
frequencies can occur. These “special cases” are associated with the fact that
violas the differences between different models as far as body measurements
plate tuning are concerned, are greater than for violins.

Above 600 Hz, however, there are clearly preferred regions of radiation and
the gaps in sound radiation are concentrated in the same angular regions fOf .
instruments. In the bridge plane (Fig. 4.20), a particularly strong radiatiol
observed from the back plate in the region between 600 and 700 Hz, R
between 800 and 1,200 Hz maxima of different width are noted in the region €
0°, i.e., perpendicular to the top of the instrument. At 1,500 Hz no clear prefere
region is recognizable. Here the individual characteristics of each ins. !
dominate too strongly. In the direction of higher frequencies these diag
become increasingly complex because the directional characteristics frequer "1
are divided into several maxima. The preferred regions are distributed predomt
nantly over the region of top plate radiation, i.e., between 270 and 90°. At3,5002 £
4,000 Hz they are oriented nearly in a perpendicular direction from the top plate-
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Fig. 4.20 Histograms for the principal radiation directions (0-3 dB) for violas (bridge plane)

The corresponding results for the horizontal plane are given in Fig. 4.21. As
mentioned, spherical sound radiation dominates here also for the low tone
contributions up to approximately 500 Hz. Only at 200 Hz a pronounced drop is
?bserved toward the left, as seen from the position of the player. The air resonance
» located in this frequency region and consequently the F holes strongly participate
In the radiation. The partial images from 600 to 1,000 Hz exhibit very sharp
oncentrations. The contributions around 600 Hz show directional preference
toward the left, the others toward the right. At 1,250 Hz a separation into two
Preferred regions can be recognized. They are oriented toward the direction of the
ﬁ“gef board and toward the player. Also at 1,500 Hz the region of strongest
:glplltllde .is directed toward the player. For increasingly higher frequencies the

ﬂC:cntranon regions are distributed into an angular region directed toward
€ right, especially preferred are orientations around 60°, i.e., approximately in

the direction of the extension of the right shoulder of the player.
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Fig. 4.21 Histograms for the directions of principal sound radiation (0—3 dB) for violas (horiz
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The front-back ratio, again given as difference between the horizontal radiatit
toward the right (0°) and toward the left (180°) — corresponding to the practice
violins — leads to similar values for the viola as for the violin. It is, howe
noteworthy that the region of pronounced sound concentration from the back
of the instrument extends over a broader frequency range and it lies near highe
tones than for the violin. Between 600 and 700 Hz, the intensity toward the leﬁ’
more than 5 dB stronger than toward the right. The maxima of the concentr2
toward the right lies, as is the case for violins, with a front-back relationship
approximately 7 dB between 900 and 1,000 Hz.

The statistical directivity factor for the appropriate directions of § .
radiation is still relatively small with a value of 1.15 at 500 Hz. However, it iS¢
to a value of above 1.9 for frequencies around 1,000 Hz and to 2.6 for 3,000 :
This corresponds to a directivity index of 1.2 dB at 500 Hz, 5.4 dB at 1,000 Hz, an
7.2 dB at 3,000 Hz.
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444 The Cello

Corresponding to the larger dimensions, the region of the uniform radiation for the
cello is shifted toward lower frequencies. As the histograms in Figs. 4.22 and 4.23
clarify, the spherical characteristic can only be expected for frequencies below 200
Hz. In the plane of the bass bar, i.e., a plane located vertically in space, a preferred
radiation toward the front is observed in the region around 200 Hz for several
instruments. In the region around 250 Hz and also around 300 Hz the effect of
pronounced plate resonances is recognizable, in the subsequent frequency region,
up to about 500 Hz, the maximum of the sound level lies in an angular region of
+40° around the 0° axis. It is, thus, oriented toward the front. In the frequency
region between 1,000 and 1,250 Hz, the strongest contributions are radiated in a
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more upward direction. They are concentrated approximately between 25 and
The directional characteristics at these high frequencies are noteworthy. In <'30n_;
to violins, where these components are radiated most strongly in a dlrec.
perpendicular to the top plate, in the cello, two extremely narrow preferred reglo
are formed, which are found with a width of 20° each, at the angular locatic
around 300 and 60°.

The histograms for the bridge plane in Fig. 4.23 show that already at 150
certain amount of sound concentration occurs, although over a large angular regt
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The right side and the direction of view of the player are preferred over the left side.
Furthermore, in this plane the radiation up to about 200 Hz can be considered as
spherically symmetric. At 250 Hz a split into two maxima occurs. They are oriented
toward the left and the right. In contrast, the radiation near 300 Hz is stronger
toward the rear, however, the width of the maxima differs from instrument to
instrument. The subsequent frequencies from 350 to 700 Hz show the highest
intensities in the region around 0°. This is similar to the situation in the bass-bar
plane. The spatial distribution of the principal radiation region at these frequencies
thus has the shape of a cone, the axis of which is perpendicular to the top plate of the
instrument. Between 800 and 1,000 Hz the preferred directions are predominantly
oriented towards the sides. At the high frequencies from 2,000 Hz upwards, the
strongest radiation again occurs forward from the top plate, where the left side, as
seen from the viewpoint of the player, however, is frequently disadvantaged in
comparison to the right side (Meyer, 1965c).

For the cello, the front- back ratio is best related to the direction of sight of the
player. In that setting it is noted that already at frequencies near 200 Hz the
radiation toward the front is 5 dB stronger than toward the back. In the region
around 250 Hz a radiation toward the rear is somewhat stronger than toward the
front because of the preferred back plate radiation, in spite of the shadowing by
the player. For all frequencies from about 350 Hz on upwards a positive value for
the front-back relation is obtained in the direction of sight. A first maximum of
more than 10 dB is reached near 500 Hz. Because of the shadowing by the player,
the tonal contributions above 1,500 Hz are likewise radiated more weakly toward
the rear in comparison to horizontally forward. Additionally consideration needs to
be given to the fact that the principal directions of these high components are
oriented toward the front downwards and upwards.

The statistical directivity factor for the important resonance region between
apout 350 and 500 Hz already reaches a value of 2.1 in the principal radiation
direction, which corresponds to a directivity index of 6.5 dB. For frequencies
around 1,000 Hz, the statistical directivity factor in the principal direction also
has a value of 2.1, and rises to 3 for the principal radiation direction at frequencies

around 3,000 Hz. This corresponds to a directivity index of 6.5 dB at 1,000 Hz and
9.3 dB at 3,000 Hz.

445 The Double Bass

For the directional characteristics of the double bass it is noteworthy that even for
low fﬂ‘—_quencies a pronounced concentration of the radiated sound is present. As
f°°°gﬂlzed from the histograms in Fig. 4.24, only in the region around 100 Hz, and
" . narrow frequency band below the air resonance, a directionally uniform sound
n“:ii;‘:ll:mhcan be exPected for the majority of instruments. In contrast, in 'the
whi h(')r ood O_f this resonance, nearly all ba§ses possess a preferred. region

€0 n the bridge plane encompasses approximately the front semi-circle. A

Similar concentration, though slightly wider, results toward the right near 160 Hz.
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Such uniform concentrations are rarely encountered at higher frequenc k,
occasionally a splitting into two or three preferred region occurs. Thus be
200 and 250 Hz two maxima are present, one of which is oriented toward the
and left, while the other one points toward the right rear. Nevertheless, even at ties
frequencies, the intermediate angular regions show a significant level. Between U
and 400 Hz a concentration appears in the region between 345 and 90°, also towa¥
the front and the right. Similarly located concentrations, though not quite as SNt
clustered are found in the diagrams for 500 and 700 Hz. In contrast, the pré
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directions for 600 and 800 Hz are again divided into two regions, which in their
angular locations correspond to the circumstances near 200 Hz. The high frequen-
cies from 1,000 Hz on upwards are concentrated in an angular region between 290
and 70°, they are thus oriented toward the front in a rather wide angle (Meyer,
1967a).

This type of directional characteristic leads to a front-back ratio for which the
radiation at high frequencies toward the front — similar to the cello — is from 10 to
15 dB stronger than toward the rear. However, relatively large individual differ-
ences between instruments occur. The front-back ratio for sound radiation at low
frequencies is also informative: While positive values from 5 to 7 dB are observed
in the region from 50 to 200 Hz, in a small region around 275 Hz a preferred
radiation toward the rear with values up to —10 dB occur. Finally, positive values
around 10 dB characterize the front — back relation between 500 and 700 Hz.

The statistical directivity factor for the respective principal radiation directions
already has a value of 1.5 in the low register (around 160 Hz). At frequencies
between 300 and 1,000 Hz it moves around values of 2.1 and rises to a value of 2.6
at 3,000 Hz. This corresponds to a directivity index of 3.6 dB for low-, 6.5 dB for
mid-, and 8.3 dB for high-frequencies.

4.5 The Grand Piano
4.5.1 Lid Open

For the concert grand piano the vibrations of the sound board are primarily
responsible for the sound radiation (Griitzmacher and Lottermoser, 1936). The
directional dependence comes about by the fact that the sound reaches the hall by
rad%ation directly upward and also by reflection from the lid, it is furthermore also
radiated downward and influenced in the hall by floor reflections (Meyer, 1965a;
Bork, 1993). In addition, at very high frequencies, the strings themselves radiate
Some energy which in part reaches the room directly and in part by reflection from
l!le lid. The directional characteristics are formed by these components in coopera-
tion, whereby consideration must be given to the fact that the lid as well as the entire
NStrument have a shadowing effect in certain directions for the direct as well as the
reflected sound. This effect increases in importance with rising frequency since the
sound waves of low registers are bent around obstacles.
freIllasmuch as the vibrational shape of the sound board does not only depend on
. Quency but also on the location of the excitation, the directional characteristic
oﬁz;qs W{thm .cenam limits also on the fundamental of the excited string. The
. llilg directional Qata are thus se.paraFed into the low', rr'liddle and upper‘register
-y eyboard. In Fig. 4.25, the directional characteristics of a grand piano are
nted for.these three regions in the form of polar diagrams in a vertical plane,
€ angular designation of directions is explained in Fig. 4.26, and is supplemented

Wi :
it relevant data in the horizontal plane.
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Fig. 4.26 Specification of polar coordinates for the directional characteristics of a grand piano

In the low register, i.e., in the region around C,, sound radiation in all directions
is relatively uniform. In the horizontal plane, up to an angle of about 20°, the
fundamentals are only about 4 dB weaker than in the steeper directions. The reason
for this can be found in the fact that the sound above and below the sound board is
radiated in opposite phase, and thus the sound contributions in the horizontal plane
weaken each other; at low frequencies the sound board effectively functions as a
dipole. In the frequency region around 250 Hz the level behind the piano is stronger

than in front of the open lid by about 5 dB; here the shadowing toward the rear, of

the energy radiated in the upward direction by the sound board becomes noticeable
as a level increase, since the interference between the sound radiated in opposite
phase between upper and lower sound contributions is avoided. Consequently, at
some distance behind the piano a listener localizes the sound source below the
instrument. The higher frequency sound components from about 1,000 Hz upwards
present somewhat more pronounced directional characteristics. In the vertical plane
the preferred radiation occurs approximately between 0 and 5°, i.e., out of the open
lid. At these frequencies a preference for directions around 0° is noticeable also in
the horizontal plane. The half value width of these radiation regions lies at about

£30°.

Ip the middle register of the keyboard the shadowing effect of the lid toward the
top increases, while at the same time the sound from the instrument is reflected in
greater concentration. Again, the maximum of high frequency components, as seen
from the player, is located toward the right. The highest level is reached for an
elevation angle of about 40°, the half value region encompasses the angle between
the horizontal and approximately 55°. A secondary maximum is found towards the
l‘fft b.etween approximately 130 and 150°. Aside from the fundamentals, the
dlrect.lonal characteristics are flattened toward the top. The timbre directly above
the‘plano Is comparatively dull. In the horizontal plane, the radiation in the mid
fegister of the piano is relatively uniform, only for the fundamentals, the radiation
between 90 ang 180° is somewhat disadvantaged, however, nowhere do the ampli-

tudes fall below the 10 dB boundary of the maximum value.

moIn the high register the influence of the lid on directional effects is significantly
e T characteristic. Already the fundamentals in the region of 1,000 Hz show
Onounced clustering between 15 and 35° in the vertical plane i.e., somewhat
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upward toward the right. The upper limit of this half value region remains ste:
with increasing frequency, it corresponds approximately to the direction of 4
angled lid. The lower boundary of the principal radiation region varies somewhs
however it never reaches the horizontal plane. The sharpness of the clusterine
particularly acute for components around 4,000 Hz, here the levels in the an: 4
region from O to 5° and 60 to 180° lie at more than 10 dB below the maximu
value. The brilliance of the sound is thus limited to a relatively narrow angul
region. This also appears in the horizontal plane, where (also at 4,000 Hz) t
principal maximum at 0° and a secondary maximum at around 30°, each possess
half value width of £5°, and further regions to the left, as well as the direction
sight of the player remain below the maximum level by more than 10 dB. Ti
fundamentals of the high register do not fall below the 10 dB boundary anywher
and the octave partials show such a minimum only for small angular regions
135°. The statistical directivity factor for a grand piano can only be determined wit
a low degree of accuracy, inasmuch as the spatial directional characteristics
divided into many branches already at mid frequencies. The following values ¢
serve as reference points: for the low register (around C,) 1.2 at 250 Hz and 1.5 2
1,000 Hz, for the upper register 2.0 at 1,000 Hz and 3.5 at 4,000 Hz. Th
corresponds to rounded values for the directivity index of 1.5 and 3.5 dB (loy
register), as well as 6 and 11 dB (upper register). e

Even the initial transient noise contributions are not radiated uniformly in al
directions, though their directional characteristics are not as strongly pronounced a
those of the harmonic partials. The lowest resonance of the sound board, which lie
in the region of 90 Hz has a dipole characteristic with maximum radiation upwar
and a weakening of around 15 dB in the horizontal plane. In contrast, the resonance
between 300 and 600 Hz which create the knocking noise, are shadowed by the li
which is turned at an upward angle so that they are radiated more strongly in
horizontal and low angle upward direction by an order of magnitude of 10 dB 1
comparison to the upward direction. The relative loudness relationship betv ce
noise contributions and the actual tone is important for the tonal impression
Therefore in Fig. 4.27, the level of the low tone of the sound board and the knocking

SRS
S 5
0 -20 dB —SE—SO dB 20 0 O -20 dB-50 -50 d

Relative noise level
Fig. 4.27 Directional characteristic of the attack noise for a concert grand piano for the range
around C5. The relative level of the sound board tone and the knocking noise in reference t0 &
strongest partial to the piano sound is represented L
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noise is given in reference to the level of the _fundamental, which in the upper
register is by far the strongest partial. The directional dependfznce shows that from
the horizontal up to approximately 40° (in the direction of sight o_f the p.erformer
approximately 30°, toward the rear approximately 50°) the knocking noise dom-
inates in comparison to the low sound board tone. However, it als.o shows, that
nevertheless both noise components stand out particularly strongly in thg upward
direction, because the harmonic partials experience significant shadowing. The
indicated angular dependence is valid for lower register with almost no change,
however, the relative level of the noise approaches the level of the harmonic partials
to within 15-20 dB even in the least favorable directions (Bork et al., 1994).

4.5.2 Lid Closed

When the lid is closed, clear differences in the directional characteristic in compar-
ison to the open lid, become apparent in the vertical plane, especially in the angular
region between 0 and 90°. In contrast no essential changes are noticed in the
direction toward the back of the piano. As a comparison of curves in Fig. 4.25
shows, closing the lid creates configurations responsible for amplitude distributions
of equal value for the right and the left halves. In the directions for which the open
lid causes strong sound concentrations, the maxima drop out without additional
energy being radiated toward the other sides. The intensity decrease for higher
frequency sound contributions is especially significant in some areas it amounts to
up to 10 dB. Because of this the tone color become duller and loses its brilliance and
brightness. In some slightly upward angled directions, even the total intensity of the
sound drops noticeably.

Also in the horizontal plane the strong components drop out towards the right
side (0°). At higher frequencies the radiation occurs preferentially in the direction
of the player. In this angular region the amplitudes mostly correspond to the
situation for the open lid. This principal radiation region, which includes the
contributions above 2,000 Hz could be caused by the fact that the sound can

fmanate from the approximately 25 cm wide opening between the lid and the
music stand.

453 Lia Half Open

The case of a half open lid naturally takes the place of an intermediate position; for
fhe.usual length of the short support generally an angle of about 10° results as
Indicated in Fig. 4.26. One would expect a preferred region to be formed toward the
ght side (as seen from the player position) which, corresponding to the lid angle,
t‘;’;“ld be more shallow than for a normally opened lid. It must be noted however,

t. the principal radiation region for a half open lid extends to a similar angular
'€gion as observed for the open piano: the half value region extends from
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approximately 10 to 60°, however, the amplitudes are somewhat weaker than for
open lid. This difference becomes all the larger as partial frequencies rise; ”“
upper registers it amounts to approximately 6 dB for partial contributions ng
4,000 Hz. At the same time the radiation of the low sound board tone in the ups ;"
direction is somewhat restricted so that the minimum of the dipole characteristic
not as clearly pronounced as for the open piano. Consequently the radiation toy
the right side of the player is stronger, by up to 10 dB. As a result, the tonal pi¢
in the principal radiation direction as a whole, is only marginally softer, howeve
does not possess the brilliance and brightness present for a wide open lid. Tows
the back of the piano no essential changes in directional characteristics are ¢
served, in comparison to the open or closed conditions.

4.5.4 Lid Removed

When the lid it totally removed, the piano obtains a rather equalized dire
characteristic in the low and mid registers. For most frequency contributions fl
deviations in the vertical plane are not stronger than +2 dB, only for the very lo
tonal contributions below 250 Hz, a decrease in amplitude near the horizontal plai
becomes noticeable. At 65 Hz it is about 5 dB. In the upper register, however,
preferred radiation of the highest components in the upward direction is observe
consequently the intensity in the region of 4,000 Hz in this direction is by 3-3 ¢
greater than for an open or half open lid. A
Therefore, seen as a whole, the upward radiation is relatively large after remov.
of the lid, which naturally must affect a weakening in the horizontal plane. Tht
especially the higher contributions recede strongly in importance in the "',
picture, so that the impression becomes dull. The timbre furthermore becom
flat by the additional lack in very low components. The directional characte:
in the horizontal plane is by no means round. A maximum is found near 300° in
upper register, where it is most pronounced, it is thus directed toward the right
the player, while in the angular region from O to 200° the higher overtones &
especially weak. ;.
In the middle and lower registers, the radiation is relatively round in tk
horizontal plane. In the region around C,, however, components of the freque e
region around 100 Hz are directed preferentially toward the left. &

4.5.5 The Harpsichord

In comparison to the concert grand piano, the ribs, and above all the lid, are “‘;
lighter, less stiff and thus more capable of vibrating. Therefore, they can CETt&

contribute to sound radiation especially at low frequencies. The region around
Hz can be considered as a typical frequency location for the lid resonance at wit
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the vibration amplitude of the lid can be as large as that for the sound board. In
addition, the directional characteristic is determined by the subdivision of the
vibrating surfaces into smaller vibrating zones which in each case vibrate in
opposite phase. It is thus even more strongly structured than for a piano. Further-
more, significant individual differences between neighboring frequency regions, as
also between instruments of different construction can occur. This strong frequency
and tonal dependence of directional characteristics is an essential factor for the
vibrant character of the harpsichord sound, and thus it is at least as important for the
sound as the form of the directional characteristic per se (Elfrath, 1992).

For room acoustical considerations the directional characteristics of the harpsi-
chord can in essence be summarized by the fact that at low frequencies, up to about
100 Hz, the radiation is still round. In the region of about 100-150 Hz a dipole
characteristic appears, for which the radiation toward the right (as seen by the
player) is strongest, toward the left by approximately 5 dB weaker, and in
the direction of sight, as well as toward the back by 10-15 dB weaker than in the
maximal direction. For increasingly higher frequencies, more or less narrow pref-
erence regions of sound radiation are distributed in all directions, where the sound
level toward the back of the instrument is by 6-10 dB weaker than from the
direction of the open lid.

4.6 The Harp

For the harp, the sound energy is radiated almost exclusively by the cover of the
fesonance body. The other surfaces of the body, and its rear opening participate
only weakly in the sound radiation. In its resonances the cover vibrates with more or
less strongly subdivided sections; whereby the nodal lines predominantly run across
the ‘cover, however, above approximately 170 Hz. vibrational shapes with an
afidltlf)nal nodal line in the long direction occur (Firth, 1977). Accordingly the
dlrec'tl(')nal characteristics of the harp at intermediate and high frequencies are
Sllbdl.VIded by small structures; in addition they also depend somewhat on the
locatlor.x of the excitation on the cover, i.e., on the played note.

In Fig. 4.28 the directions of preferred sound radiation are presented for three
Planes as 3 4B regions. Considered here are averaged results for various registers
(BC.H and Firth, 1989). In the horizontal plane the radiation up to approximately 400
frorits ;Ognd; between 400 and 2,QOO Hz it is concentrated in two regions toward the
e Oﬂf hback,' above 2,000 Hz in .two regions at an angle toward the front. In the
. at € strings preferred radiations perpendicular to the cover (toward the front
B S toward the back) appear below 400 Hz, additionally there is a region up to
Wlfh ;lmately 1,000 .Hz with predominantly upward radiation which continues,
aﬂgles(::trilward- contributions, up tg 4',000 Hz. In the third plane, oriented at right

. € string plane, broad radiation regions are observed toward both sides, in
- gl n up to 1,000 Hz the sound is radiated preferentially upward, and
000 Hz, clover leaf like to the side upward and downward. Since the
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Fig. 4.28 Angular range of principal radiation regions of the harp (0-3 dB after Bell and
1989)

representation for the three planes are given in reference to the maximum le
values in each case, it is not possible to determine values for the sta
directivity factor since each has a difference reference level.

4.7 Percussion Instruments

4.7.1 The Timpani

The directional characteristics of timpani are determined by the sound field radiat
upward by the membrane. The sound field below the membrane is shadowed by
kettle and neither the kettle nor its lower opening contribute noticeably toWa
sound radiation. The shape of the radiated sound field is therefore only determii
by the subdivision of the membrane into differently vibrating zones (ROSSI
1982b; Fleischer, 1992). 7
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Fig. 4.29 Calculated directional characteristics for the three lowest partials of the timpani sound

For the three lowest vibrational modes of the membrane, calculated directional
characteristics are presented in Fig. 4.29. In each case, those vertical sections
through the spatial directional characteristic are represented, for which the direc-
tions of strongest sound radiation are observed. In each case, the nodal lines are
positioned to make the directional characteristics most recognizable. In the first ring
mode the entire membrane vibrates in phase, consequently a spherical characteristic
is formed. The first radial mode, which is the most important for the tone and pitch
impression is characterized by a nodal diameter which separates two regions
vibrating in opposite phase: a dipole characteristic results which is rotationally
symmetric about the horizontal axis. The direction of maximum sound vibration
lies in the horizontal plane, the 3 dB region is calculated at +45°, the 10 dB
boundaries are crossed at an elevation angle of £71.5°. For two nodal diameters,
a quadrupole is formed with four maximum regions which show a clover leaf
armangement when viewed from above. Again, the directions of maximum sound
radiation lie in the horizontal plane; however, toward the top and the bottom, the
level decreases more rapidly than for the dipole: the 3 dB region encompasses only
i3.1°, the 10 dB region +56°. For higher vibrational modes the number of radiation
regpns increases, corresponding to the number of radial nodal lines, the individual
radiation bulges thus become increasingly smaller.

Measurements of sound radiation in the horizontal plane confirm the basic shape
of thg directional characteristics. Uniformity of membrane manufacture from a
Mmaterial standpoint and uniformity in stretching enhance the clarity of the basic
shape of these directional characteristics. While no variations exceeding 3 dB occur
f°_r thf: first ring mode, depressions of a depth of approximately 18 dB between the
Principal radiation directions are noted for the first radial mode, and of approxi-
mafdy 16 dB for the higher modes (Fleischer, 1988). The boundaries of the 3 dB
zigt;:(‘iezg@% la}rgely with the calc.ulated values; 'the 3 dB regior}s are slightly
. snllce in the level depre5519ns, asymmetrle.s of sound radiation be(?ome
- onghy noticeable: the first radial mode resu.lts in £73°. Because of rotanogal
B ttlz 1tols can also be transferrefd .to the vertical plane: For the second radial

» dB width of the four radiation regions in the horizontal plane amount to
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+41° each from the principal radiation direction (ideal quadrupole +36°). Beca
of the shape of the directional bulges, this value cannot be transferred to the vert;
plane. The orientation of the individual directional characteristics in the horizes
plane is determined by the impact point, which in each case is located in the mid
between two nodal diameters. E

The statistical directivity factor for the principal radiation directions has a val
of about 1.7 for the first radial mode, and about 1.9 for the second radial mo c..

corresponding directivity indices are 4.5 dB and 5.5 dB respectively.

4.7.2 The Drum

v

In contrast to timpani, drums also radiate sound toward the bottom. The directior
characteristics are thus formed by the sound field toward the top and toward f
bottom. The vibrations of the kettle can be neglected since their amplitudes are
approximately 1% of the vibrational amplitudes of the membranes. The exp
tal results for directional characteristics of a small drum are represented in Fig. 4.
for the most important vibration shapes, the shape and phase relationships of
membrane vibrations are also represented (Rossing et al., 1992). 2

In the first principal vibration (image a), both membranes vibrate in pa ;
consequently the sounds radiated toward the top and bottom vibrate with op POS

Fig. 4.30 Directional characteristics of a small drum (after Rossing et al., 1992)
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. The principal radiation regions each have a width of about +30°. In a range
of about +20°, relative to the horizontal, the level drops by more tl'lan' 10 dB belf)w
its maximum value. The statistical directivity factor for the prmmpgl.dlfecnon
comes to about 1.6 (corresponding to 4 dB). This dipole chz.lracterlstlc is also
formed when the drum does not have a second membrane and is open tgward the
bottom. However, when the lower membrane is clearly mistuned in re%agon t'o the
impact membrane, it only vibrates weakly and a uniform sound radiation in all
direction results. For the second principal vibration (image c), both memb.ranes
vibrate against each another: “a breathing sphere” is produced with uniform
radiation in all directions.

When a nodal diameter is formed on the membranes, the directional charac-
teristic is determined by the two halves of the membranes vibrating in opposite
phase. The nodal line runs perpendicular to a line through the center of the drum
and impact point. When the upper and lower membranes vibrate against each
another (images b and b’), again a dipole characteristic is created, however, this
time, with two horizontal principal radiation directions. The 3 dB regions have a
width of about +45° and the dips at a width of £20° are deeper than 10 dB. The
statistical directivity factor for the maximal direction lies at 1.5 (corresponding to
3.5 dB). When both membranes vibrate in parallel (images d and d’) a quadruple
results with four preferred regions oriented into the room. They have a 3 dB
width of about +20° and are separated by indents of approximately 8—15 dB
depth. In the horizontal plane, the radiation for this vibration form is relatively
weak.

For a large drum, Olsen (1967) indicates a relatively uniform radiation, and at
120 Hz indicates a radiation which is by 8 dB stronger toward the front than toward
the back in the direction perpendicular to the impact membrane. Four preferred
directions are formed near 400 Hz. These occur in pairs, with two in the plane of the
membrane and two in the plane perpendicular to it, which can be related to two
nodal diameters. This is also expected to lead to a fourfold structuring of the
directional characteristic in the plane of the membrane.

4.7.3 Gongs

For gongs, and analogously for tam-tams, the directional characteristics also rest on
the Superposition of sound fields radiated toward the front and the back. These in
tumn are divided into zones of differing phase by the sub division of the vibrating
Surfaces. In Fj €.4.31, the directional characteristics of a D3 gong in are represented.

€ Upper image shows a fundamental with spatial level structure, details of which
change within the first seconds after impact. The direction of strongest radiation is
tumned by approximately 30° from the plane of the gong. The statistical directivity
fa.CI.Or for this direction is about 1.8 (corresponding to 5 dB). The 3 dB region
itially covers 5 region of about 25-65° and is later narrowed to 25—-55°. Near the
Plane of the gong, the sound level drops by more than 10 dB.
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Fig. 4.31 Directional characteristics of a gong. Dotted line: rush noise 700-1400 Hz, Br Ok""b
300-500 Hz, Solid line: Fundamental -

The curve for the overtones between 300 and 500 Hz (lower image) Show
similar form, since structural details are smoothed out by formation of aver
values. However, the depression at right angles in front of the gong, Wh'iCh g
explained by the symmetry of vibrational regions with opposite phase, 1S notat
Its depth only amounts to 7 dB, and yet the fundamental is raised by it above
overtones. Otherwise, the overtones dominate over the fundamental for an
deviation of 15°. In contrast, the noise contributions typical for the go
radiated with relatively spherical symmetry, since no standing waves are fo 1
on the gong for these components; the fluctuation over all directions do not_,_
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exceed a value of 2 dB. This means that the intensity relationship between the tonal

sound contribution and the noise depends on the angle: near the plane of the gong,
the noise is especially strong.

48 The Singing Voice

The directional dependence of sound radiation for a singer is not only determined
by the shadowing of the sound by the head, but also by a funnel effect of the mouth,
whereby the positioning of the mouth also plays a role, consequently the directional
characteristic of the singing voice differs from that of a speaker. According to the
most frequently quoted references of Dunn and Farnsworth (1939), as well as Niese
(1956), for the speaking voice, a steady decrease in level from front to back in the
horizontal plane is indicated, and also in the vertical plane the level in the direction
of sight is practically never exceeded.

In contrast, in the case of a singer, the highest sound level is certainly not always
radiated in the direction of sight as the example for sound contributions in the
frequency range around 2,000 Hz shows in Fig. 4.32. On the one hand, the direction
of strongest sound radiation is directed at an angle of 20° downward toward the
front. On the other hand, it also slightly increases toward the side in the horizontal
plane. The clear definition of these two effects depends on mouth positioning, and
especially the vowel which is sung: for “o(oh)” the effect is stronger than for “a
(ah)” and for this, it is stronger than for “e(eh)”; furthermore, this also applies to
reduction of sound radiation toward the rear (Marshall and Meyer, 1985).

Individual difference between directional characteristics of trained (female and
male) singing voices is so minute, that it is certainly possible to derive general
directional characteristics. Pitch and dynamics also only play a subordinate role.

[ \\< a(ah)

\X o(oh)

Fig. 432 Direcr:
811? =32 Directional characteristics of the singing voice in the octave region around 2,000 Hz, for

Culation of differen; vowels (after Marshall and Meyer, 1985)




