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P R E F A C E  

On ?lay 19 and November 10 1979, the Committee for Music 
Acoustics of the Royal Swedish Academy of Music arranged two 
full day seminars at the Royal Institute of Technology (KTH). 
The seminars were devoted to wind and bowed instrument acous- 
tics with A.H. Benade and C.M. Hutchins as the main talkers. 
They were arranged in cooperation with the Center for Speech 
Communication Research and Music Acoustics, KTH. All contri- 
butions presented at the seminars are now published in this 
book except for the final panel discussion at the wind instru- 
ment seminar with A.H. Benade, J.M. Chowning, E. Jansson, 
S. Berger and C. Carp as participants. This book is the fourth 
seminar proceedings published by the Committee. As previously, 
the sound illustrations are collected in a grammophone record. 

A practical result of the bowed instrument seminar might be 
mentioned. A full setup of Hutchins' new violin family instru- 
ments was purchased by and are kept for musical use at the 
Stockholm Music Museum. 

The editing work has been done by Erik Jansson and myself. 
The examples of music played on the new violin family was 
edited by Semmy Lazaroff and the grammophone record was pro- 
duced by Lennart Fahl6n. Printable copies of all Dapers except 
Benade's were pre~ared by Marianne Beskow of the Music Academy, 
and Sven Wilson of the same Academy is responsible for the 
layout. 

KTH, September 1980 

Johan Sundberg 

President of the Committee for Music 
Acoustics 



COMPUTER SYNTHESIS OF THE SINGING VOICE 

by 

John M. Chowning 

Center  f o r  Computer Research i n  Music and Acoust ics  

Department of Music 

S tanford  Univers i ty  

S tanford ,  C a l i f o r n i a  

In t roduc t ion  

The work represented  he re  demonstrates above a l l  t h a t  accept-  
a b l e  syn thes i s  of a  sung tone demands c a r e f u l  a t t e n t i o n  t o  
r a t h e r  simple c h a r a c t e r i s t i c  d e t a i l s  of t h e  r e a l  t a r g e t  tone  
which a r e  Largely -independent of the synthes is  technique. 
While t h e  p a r t i c u l a r  s p e c t r a l  content  of a  wave may be 
achieved by a  v a r i e t y  of syn thes i s  techniques,  "na tura lness"  
depends upon t h e  temporal c h a r a c t e r i s t i c s  of very  b a s i c  de- 
s c r i p t o r s  such as  p i t c h  and loudness ,  and s p e c t r a l  changes 
during t h e  attack-decay po r t ions  of t h e  tone. Although f r e -  
quency modulation (FM) syn thes i s  has been used t o  s imula te  
some o r c h e s t r a l  instrument  tones (Scho t t s t aed t  1977, Mor r i l l  
1977), t h e  s ing ing  voice  seems t o  remain t h e  province  of 
syn thes i s  models borrowed from speech research  (Sundberg 
1978, Moorer 1979). The purpose of t h i s  paper  i s  t o  show a 
s t r a t e g y  f o r  t he  use  of FM i n  t h e  syn thes i s  of two cases  of 
t he  s ing ing  voice  1 )  a  soprano, and 3 )  an un-na tura l ly  low 
male voice  we might c a l l  basso profodiss imo!  

I n  a s  much a s  t he  b a s i s  concepts underlying FM syn thes i s  
a r e  by now well-known (Chowning 1973) and t h e  s y n t h e s i s  pro- 
gram which was used, MUSIC 10, i s  not  un l ike  many o t h e r s  i n  
genera l  use (Mathews 1970),  d e t a i l e d  d e s c r i p t i o n s  w i l l  not  
be presented  here.  



Frequency Modulation Tone Synthes is  

The fundamental FM algori thm i s  based upon t h e  output  of a 
modulating o s c i l l a t o r  which adds t o  t h e  frequency term of a 
c a r r i e r  o s c i l l a t o r  thereby producing a complex waveform. 
This i s  expressed i n  t he  equat ion  

e = A s i n  ( 2 7 ~  f t + I s i n  27Tfmt1 eq. 1 
C 

where 

e = t h e  ins tan taneous  amplitude of t h e  c a r r i e r  
A = t h e  peak amplitude of t h e  c a r r i e r  
f c = the  c a r r i e r  frequency 
f,= t h e  modulating frequency 
I = the  modulation index 

The r a t i o  of t h e  c a r r i e r  and modulating f requencies ,  f c / f m ,  
determines the  r e l a t i v e  i n t e r v a l  of t h e  component frequen- 
c i e s  i n  the  modulated c a r r i e r  s i g n a l  whi le  t h e  modulation 
index determines t h e  amplitudes of t h e  components and t h e  
o v e r a l l  bandwidth of t h e  s i g n a l .  The modulation index i s  
the  r a t i o  of t h e  depth of modulation o r  peak d e v i a t i o n  t o  
t he  modulating frequency. Of p a r t i c u l a r  i n t e r e s t  i n  t h e  app- 
l i c a t i o n  of FM t o  voice  syn thes i s  presented below a r e  r a t i o s  
of f requencies  where 

f = Nf, and 1 $ N and where N i s  a n  i n t e g e r .  
C 

The s p e c t r a  r e s u l t i n g  f r o n  t h i s  c l a s s  of r a t i o s  a r e  such 
t h a t  t h e  frequency components form the  harmonic s e r i e s  wi th  
f a s  t he  fundamental. m 

There a r e  a number of u se fu l  ex tens ions  of t h i s  b a s i c  al- 
gorithm, l )  summing t h e  outputs  of two o r  more of t h e  b a s i c  
a lgor i thm i n  p a r a l l e l ,  2)  one c a r r i e r  o s c i l l a t o r  and two o r  
more modulating o s c i l l a t o r  i n  p a r a l l e l ,  3) one c a r r i e r  o s c i l -  
l a t o r  and two ormore modulating o s c i l l a t o r s  i n  s e r i e s  and 
4)  two o r  more c a r r i e r  o s c i l l a t o r s  and one modulating o s c i l -  
l a t o r ,  t o  name some of t h e  b a s i c  types of ex tens ions .  It i s  
t h e  l a s t  of t hese  which i s  appropr ia te  t o  vo ice  syn thes i s .  

General C h a r a c t e r i s t i c s  of Natural  Soprano Tones 

Spec t r a l  r ep re sen ta t ions  of the  a t t a c k ,  quas i  s t eady- s t a t e ,  
and decay po r t ions  of recorded soprano tones show t h a t  f o r  
most vowel t imbres and through the  g r e a t e r  p a r t  of the range 

1 )  t h e r e  i s  a weighting of t h e  s p e c t r a l  energy around t h e  
low o rde r  harmonics wi th  t h e  fundamental a s  t he  s t r o n g e s t  



harmonic, thus  suppor t ing  the  theory t h a t  i n  female s ing-  
ing  t h e  lowest formant t r a c k s  t h e  p i t c h  per iod  (Sundberg 
1978),  

2) t h e r e  a r e  one o r  more secondary peaks i n  t h e  spectrum, 
depending on t h e  vowel and fundamental p i t c h ,  which cor- 
respond t o  resonances of t he  vocal t r a c t  o r  upper formants.  

3) t h e  formants a r e  not  n e c e s s a r i l y  a t  cons tan t  frequen- 
c i e s  independent of t h e  fundamental p i t c h ,  b u t  r a t h e r  
fo l low formant t r a j e c t o r i e s  which may e i t h e r  ascend o r  de- 
scend, depending on t h e  vowel, a s  a  func t ion  of t he  fun- 
damental frequency (Sundberg, 1978), 

4)  t h e  upper formants decrease i n  energy more r ap id ly  
than  does t h e  lowest formant when a  tone i s  sung a t  de- 
c reas ing  loudnessess ,  

5) only t h e  lowest formant i s  prominent a t  t h e  amplitude 
threshholds  of t h e  a t t a c k  and decay p r o t i o n s ,  while  t he  
upper f  ormants only become pronounced a s  t he  o v e r a l l  
amplitude of t he  s i g n a l  approaches the  q u a s i  s t eady- s t a t e ,  

6) t he re  i s  a  small  bu t  d i sce rnab le  f l u c t u a t i o n  of t h e  
p i t c h  per iod  even i n  t h e  s ing ing  condi t ion  wi thout  
v i b r a t o .  

FM Model f o r  Synthesized Singing Voice - Soprano . - 
For t h e  s imples t  FM model of sung soprano tones two formants 
a r e  included,  t he  lowest formant and t h e  v o s t  dominant of 
t h e  upper formants. Therefore,  one o s c i l l a t o r  can be  used 
t o  modulate two c a r r i e r  o s c i l l a t o r s .  The f requencies  of t he  
modulating o s c i l l a t o r  and t h e  f i r s t  c a r r i e r  a r e  always s e t  
t o  t h e  frequency of t he  p i t c h  of t h e  tone,  whi le  t he  f r e -  
quency of the  second c a r r i e r  o s c i l l a t o r  i s  s e t  a t  t h a t  har- 
monic frequency c l o s e s t  t o  t h e  2nd formant frequency. I n  
t h i s  model t h e  var ious  parameters ,  o r  terms, of t he  FM 
equat ion  a r e  computed from the  b a s i c  musical d e s c r i p t o r s  of 
o v e r a l l  amplitude and fundamental p i t c h  frequency and from 
a s e t  of t a b l e s  which form t h e  d a t a  base f o r  t h e  terms a t  
s e l e c t e d  p i t ches  through the  soprano range. I n  t h i s  sense,  
then,  i t  i s  an adapt ive  a lgor i thm s i n c e  a l l  of t he  computa- 
t i o n  i s  based upon t h e  fol lowing two "performance" v a r i a b l e s .  

Amp = o v e r a l l  amplitude of t h e  s i g n a l ,  where 05.AmpF1.0, 
Pitc 4 =fundamental p i t c h  frequency, , 

where G ( 1 9 5 . 9  HZ) 5 . P i t c h <  G ~ (  1568 Hz). 
3 -- 



The modulating s i g n a l  i s  def ined  t o  be 

M = sin 2 * fmt eq. 2 

where 
M = t he  ins tan taneous  frequency d e v i a t i o n  of t h e  

modulating s i g n a l  
f  = t h e  modulating frequency 4 Pitch m 

The s i g n a l  r e s u l t i n g  from the  sum of t h e  two modulated 
c a r r i e r s  i s  

e = A l t  s i n ( 2 ~  f t + I ~ M )  + 
c l  eq.3 

+ ~ m p  ' W  A p t  s i n ( 2 n  f t + 1 2 M )  , where 
c 2 

e = t h e  ins tan taneous  amplitude of t h e  sum of t h e  two 
modulated c a r r i e r  s i g n a l s  

A = t h e  r e l a t i v e  amplitude of the  second c a r r i e r ,  
2 

0.0 L. A,L 1.0, 
L 

A = t he  r e l a t i v e  amplitude of the  f i r s t  c a r r i e r  = 1.0-A 
1 2 

fcl= t h e  f i r s t  c a r r i e r  frequency = Pitch 

£c2 
= t he  second c a r r i e r  frequency = Nf , where N i s  an m 

i n t ege r  

I1 = the  modulation index f o r  t he  f i r s t  c a r r i e r  

I2 = t h e  modulation index f o r  t he  second c a r r i e r  

The d a t a  base used f o r  t h e  computation of t h e  ampli tudes,  
i nd ices  of modulation, and the  second c a r r i e r  frequency i s  
i n  t h e  form of t a b l e s ,  where t h e r e  i s  a  s e t  of f o u r  t a b l e s  
f o r  each vowel a s  represented  i n  Tables 1-4. The d a t a  i s  
s t o r e d  f o r  t he  f requencies  of p i t ches .  

and t h e  d a t a  f o r  t he  in te rvening  p i t ches  i s  computed by 
l i n e a r  i n t e r p o l a t i o n .  Thus, f o r  t he  frequency of the  second 

- c a r r i e r ,  f c 2  - Nfm, the  i n t e g e r  N i s  determined by tak ing  
the i n t e g e r  p a r t  of t h e  fol lowing d i v i s i o n ' a f t e r  rounding 

(upper formant frequency) 
Pitch  + 0.5 



where t h e  upper formant frequency i s  computed from Table 1. 
a s  a func t ion  of Pitch. The va lues  f o r  t h e  amplitude and 
ind ices  of modulation a r e  computed d i r e c t l y  from t h e  t a b l e s  

Upper formant frequency (from which f i s  computed) c 2 

A, (contribution of second carrier) 

I ,  (Modulation index for first carrier) 

I, (Modulation index for second carrier) 

Tables 1. - 4 .  f o r  t he  vowelne" (as  i n  "he") 



I n  eq. 3, it should be noted t h a t  t he  r e l a t i v e  c o n t r i b u t i o n  
of t he  two c a r r i e r s  v a r i e s  wi th  the  o v e r a l l  loudness of t h e  
tone.  With decreasing va lues  of Amp, t h e  amplitude of t h e  
second c a r r i e r  decreases  r e l a t i v e  t o  t he  f i r s t  because of 
t h e  d i f f e r e n t  exponents,  1 .5 and .5 r e spec t ive ly .  This  i s  a  
very  important proper ty  of t h i s  model s i n c e  wi thout  t h i s  
s c a l i n g ,  tones a t  decreas ing  loudness sound t o  b e  increas-  
i ng  i n  d i s t a n c e  from t h e  l i s t e n e r  r a t h e r  than  s o f t e r  a t  t h e  
source ,  i . e .  r a t h e r  than sung more s o f t l y . T h i s  sugges ts  
t h a t  t h e r e  may be a  non-lineav r e l a t i o n s h i p  between t h e  
energy en te r ing  the  vocal t r a c t  and i t s  d i s t r i b u t i o n  among 
t h e  formans. 

For t h e  same reason, t he  r ap id  inc rease  and decrease  of 
energy i n  the  vocal  t r a c t  during t h e  a t t a c k  and decay por- 
t i o n  of t he  tone,  t he  amplitude envelope f o r  t h e  second 
c a r r i e r  (formant),  A t i s  l e s s  prominent t h a t  t h e  f i r s t  A l t ,  
as  shown i n  ~ i ~ .  1. 

2 

t 
attack- . l  sec steady strte decay .08sec 

t 
attack- . lsec steady strte decry- .08sw 

Figure 1. 

F i n a l l y ,  a small  amount of  p e r i o d i c  and random v i b r a t o  i s  
appl ied  i n  equal  amounts t o  t h e  frequency terms i n  eq. 3, 
according t o  the  r e l a t i o n .  



v i b r a t o  percent  d e v i a t i o n  = Q. 2. log2  P i t c h  

a t  a frequency which ranges from 5Hz t o  6.5Hz according t o  
t h e  fundamental frequency range of G3 t o  G6. Add i t i ona l ly ,  
a s l i g h t  portamento o r  p i t c h  g l i d e  i s  included dur ing  t h e  
a t t a c k  p o r t i o n  of t he  tone.  

A l l  of t h e  sound examples were synthes ized  us ing  t h e  above 
model except  f o r  t h e  f i r s t  tone  of sound example 1. 

Sound example 1: 

The f i r s t  tone i s  a record ing  of a soprano whi le  t h e  
second tone i s  synthes ized  wi th  an at tempt  t o  approxim- 
a t e  t h e  spectrum, portamento, and v i b r a t o  of t h e  recorded 
voice .  

Sound example 2: 

S i x  voices  i n  polyphonic t e x t u r e  1. 

Sound example 3: 

S i x  voices  i n  polyphonic t e x t u r e  2. 

Sound example 4: 

Voices i n  c lo se  harmonic voic ing .  

Sound example 5: 

Four p i t ches  f o r  vowel "a" a s  i n  " fa ther" .  
(a )  second formant computed from t a b l e  a s  a fundt ion  

of p i t c h  
(b) second formant a t  cons tan t  harmonic, i . e .  t ransposed 

spectrum. 
Four p i t ches  f o r  vowel "e" a s  i n  "he". 
(a) a s  above 
(b) a s  above 

Sound example 6: 
Example of l i n e a r  and non-l inear  amplitude s c a l i n g  f o r  
A~ values  of 1.0,  0 .5 ,  0.25, 0.125, 0.062 
(a)  Linear  s ca l ing .  (From eq. 3,  Amp without  exponents) 
(b) Non-linear s c a l i n g .  (From eq. 3, Amp w i t h  exponents) 

Sound examples 7: 

The importance of p e r i o d i c  and random v i b r a t o  i n  t h e  per- 
cep t ion  of vocal tones i s  demonstrated by p re sen t ing  
f i r s t  t h e  fundamental a lone,  then by adding t h e  harmonics 
and f i n a l l y  by adding v i b r a t o .  It i s  s t r i k i n g  t h a t  t he  



tone on ly  "fuses" and becomes a u n i t a r y  percept  wi th  t h e  
a d d i t i o n  of t he  p i t c h  f l u c t u a t i o n ,  thus t h e  s p e c t r a l  envelope 
d o ~ s  n o t  make a voice! 

(a )  a t  400 Hz 
(b) a t  500 Hz 
(c )  a t  600 Hz 
(d) a ,b ,  and c t oge the r  wi th  independent v i b r a t o  

parameters 

FM Model f o r  Synthesized Singing Voice - Bassc profondissirno - 
A sung b a s s  tone i s  r i c h  i n  harmonics and t h e r e f o r e  s t r i k i n g -  
l y  d i f f e r e n t  from soprano tones.  The model, t h e r e f o r e ,  must 
be  extended i n  o rde r  t o  accomodate a l a r g e  bandwidth spectrum 
and a d d i t i o n a l  formants. The range of p i t c h e s  chosen f o r  t h i s  

To eq. 3 i s  added an  a d d i t i o n a l  c a r r i e r  and another  modulat- 
ing  o s c i l l a t o r  i s  added i n  s e r i e s .  The modulating s i g n a l  i s  
now def ined  t o  be 

M = s i n  ( 2 " f m l t  + Ksin 2 n f m 2  t) eq. 4 

where 
M = t he  ins tan taneous  frequency d e v i a t i o n  of t h e  

modulating s i g n a l  
f  = the  f i r s t  modulating frequency = P i t c h  

m 1  
f  = the  second modulating frequency = P i t c h  X 3 
m2 

K = modulation index = 
* 

4.0 + ( 2 . 0 - 4 . 0 ) ~  - C )/(C3-Cl) 
1% 1 3 

The s i g n a l  r e s u l t i n g  from t h e  sum of t h e  t h r e e  modulated 
c a r r i e r s  i s  

The e f f e c t  of modulating the  frequency of t h e  modulating 
o s c i l l a t o r  i s  t o  produce a complex modulating wave, which 
when appl ied  t o  a c a r r i e r  o s c i l l a t o r  produces a spectrum 
having g r e a t e r  bandwidth (Le Brun, 1977).  As seen  above, 
K decreases  from 4 t o  2 wi th  an inc rease  of P i t c h ,  r e s u l t -  
ing  i n  a corresponding decrease  i n  t he  bandwidth of the  
ind iv idua l  formants.  



I n  t he  syn thes i s  of t h e  bass  tones  t h e  two upper formant 
f requencies  a r e  cons tan t  f o r  a l l  p i t c h e s ,  wh i l e  t h e  lowest 
formant t r a c k s  t h e  p i t c h  per iod  a s  i n  t h e  case  05 t h e  soprano 
syn thes i s .  The unusual ly l a r g e  amount of energy i n  t h e  low 
formant sugges ts  tones produced by a basso l i t e r a l l y  "big- 
g e r  than  l i f e " .  The i n d i c e s  and r e l a t i v e  ampli tudes a r e  
aga in  determined through t a b l e s .  Except f o r  a s lower v ibra-  
t o  frequency a l l  parameters  a r e  t r e a t e d  a s  i n  t h e  model 
f o r  soprano tones.  

Sound example 8: 
TWO examples of basso profondissirno i n  poly- 
phonic t e x t u r e s  

Although t h e  research  presented  he re  i s  i n  t he  beginning 
s t a g e s ,  it serves  t o  show t h a t  a non-l inear  s y n t h e s i s  tech- 
nique can be used t o  syn thes i ze  i n t e r e s t i n g ,  i f  n o t  n a t u r a l  
sounding, vocal  tones and serves  i n  confirming previous  
research  r e s u l t s  i n  regard t o  formant t r a j e c t o r i e s  f o r  t he  
soprano voice.  I t  sugges ts ,  as  w e l l ,  two a reas  f o r  f u t u r e  
research ,  1 )  t he  phys i ca l  c o r r e l a t e s  t o  performance dynam- 
i c s  ( loudness) ,  and 2) a more p rec i sed  understanding of 
t h e  e f f e c t  of microfrequency f l u c t u a t i o n  on pe rcep tua l  
fus ion .  
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INTRODUCTION 

This set of three lectures concerns itself with sound production by wind 

instruments, on their radiation properties into the room, and on the behav- 

ior of their sounds as they progress via the room and the auditory system 

to the listener's brain. We can schematize the lectures and also the path 

of a musically interesting signal in the following way: 

When we look at our subject matter a little more closely, we find that it 

organizes itself in a very curious, even impossible-seeming, way as shown 

in Pip ,  1. 

V I A  ROOM ~ 4 ~ " ' , " ~ ~ <  

POINT TO POiN 
TIME TO TIME 
FREQ. TO FREQ. 

[&, C-i 
VERY WELL 

THE CENTRAL PARADOX ! 

F i g .  1. 



From the point of view of this picture, the first lecture concerns itself 

with the mechanisms whereby the instrument generates its sound and with 

some of the reasons why this generated sound is exceedingly stable (far 

more so than is commonly recognized). I will discuss certain properties 

of the air column which govern the instrument as a self-sustained oscillat- 

ing system and which are also important controllers of its sound-emitting 

properties. Once we get past the preliminaries of defining some terms and 

outlining some basic behavior, Lecture I becomes very much a preparation 

for Lecture 11. In essence, the first two lectures present an account of 

our recently evolved and quite detailed understanding of the properties of 

wind instruments themselves, an understanding that is sufficiently advanced 

that every week brings one or more performers or instrument makers to my 

laboratory for assistance with the making or playing of real instruments. 

Interesting as these things are in themselves, however, they have a much 

deeper implication. We should therefore consider the first two lectures as 

providing the instrumental background for LectureIII, where the deeper 
implication is discussed. This has to do with the resolution of the 

Central Paradox referred to in Figure 1. Lecture I11 opens with a brief 

account of the theory and measurement of the wave-statistical behavior of 

sounds in rooms (an area which also has developed into a well-understood 

part of scientific and engineering acoustics). We will learn in an 

unequivocal detail that two- to thirtyfold random fluctuations are common 

in the transmission of any given component of sound from one point to 

another in a room. In a manner of speaking, Lecture I11 starts out by 

appearing to prove that the passage of musical sound through a room to the 

listener's ears would make such a mess of the signal that the listener 

could make little sense of it. The major portion of Lecture I11 is 

devoted to a demonstration of the fact that the human auditory system does 

riot merely surmount the difficulties posed by the room irregularities but 

that, on the contrary, it uses certain aspects of the room behavior to give 

itself a "picture" of the sound source that is far more quick, detailed, 

and accurate than it could ever get from listening out-of-doors or in an 

anechoic chamber. 



LECTURE I. SOUND PRODUCTION IN WIND INSTRUMENTS 

A. Musical requirements for a good instrument 

Because wind instruments are the property and prime concern of musicians, 

we should open our discussion of their behavior with a quick summary of 

what is required in a good instrument. Such a summary is the following, 

expressed in musicians' language. 

1. It must "sing"; i.e. respond clearly, be pitch stable, have 

controllable dynamics, and it must carry well. 

2. It should have a reasonable pattern of intonation, with basic 

pitch flexibility for proper use in ensemble work. 

3. It needs to have an acceptable tone color, suitable for the 

music and adapted to the local (national?) taste. 

We will glance at the meaning of some of the requirements and inquire 

briefly into some of their acoustical implications before settling down to 

our analysis of oscillation mechanisms. Musicians over the past two-and-a- 

half centuries have shown great unanimity concerning these requirements 

(provided you ask your questions properly!). Let us take them up one by 

one, noticing that they are listed using progressively weaker versions of 

the imperative form. First of all, the instrument must "sing." I use this 

short word as a catch-all to represent a family of closely related virtues: 

The player must be able to start and stop the notes he plays cleanly and 

neatly with any desired articulation and without danger of squeaks or 

coughs; an instrument that sings will also have its own well-defined pitch 

for each note, a pitch to which it will return if the player does not pull 

it elsewhere; furthermore, it has a good range of easily controlled dynam- 

ics that can be varied without loss of tone color. A similar set of vir- 

tues is to be found in a well-designed automobile, which will straighten 

itself out of a curve when one lets go of the steering wheel, which accel- 

erates and decelerates smoothly, and which takes corners well regardless of 

how rough the road may be. 



This is a good time to define a useful technical term--resistance. This 

word is already commonly employed by many musicians (at least in America) 

to describe informally the ideas that I am about to state formally. Their 

usage of the word means that the basic idea is already recognized to be 

significant and also that the word already has reasonably clear connota- 

tions. It is important to recognize, however, that this new usage has 

nothing whatsoever to do with the ways in which scientists and engineers 

ordinarily make use of the word resistance. 

An instrument has large (or good) resistance if the player must make rela- 

tively large muscular changes (in blowing pressure, embouchure tension, 

etc.) to produce relatively small changes in such aspects of the instru- 

mental sound as pitch, loudr~ess, etc. However, this is not to be construed 

as implying that a highly resistant instrument has a narrow range of 

response to the controlling muscles. To the contrary, it should have a 

wide range of dynamics (etc.) under control of an even wider range of 

muscular variation. 

The virtues of large resistance as defined here are manifold, and a few 

examples will suffice to make some of them clear. The small tremors or 

unsteadinesses of a nervous player will be made less apparent to his 

audience on an instrument with good resistance than on one with lesser 

resistance. He can also so-to-speak keep himself brave by "leaning into" 

his instrument with no fear of its choking up or squealing. The skilled 

and steady player, on the other hand, is able to use finely graduated vari- 

ations of his controlling muscle tensions to produce the subtlest nuances 

in his music, again without fear of a disruptive blurting or fading. For 

both players, an entry after a few bars of rest is less hazardous if he can 

be sure that a slight misplacement of his embouchure on the reed will not 

produce much change in its accustomed behavior. We must recognize that 

none of these claimed virtues would be important if the listener were not 

able to perceive and appreciate all this fine-grained control! 



There is one more aspect to the ability of a good instrument to sing: its 

tone should "carry" well. The musician's concept of carrying power has 

been much misunderstood, particularly by physicists and psychoacousticians. 

I will not try to define it rigorously here or to describe the nature of a 

sound that carries well (though we will return to this question in the 

third lecture). For the present it will suffice to point out the easily 

verifiable fact that for a given level of loudness (or of dB level), cer- 

tain instruments will be heard and followed by the ear better than others 

in the presence of the complications of an orchestral sound. Let me pre- 

sent an extreme example. If a woodwind plays with a string orchestra it 

will be heard whenever it is actually playing. If, on the other hand, a 

violin is immersed in a wind band, it will never be heard at all even if 

the sound levels of all the instruments are kept the same (as a matter of 

fact, most instruments play at about the same level). It is not at all a 

criticism of the violin to point out that in the context of a wind group 

its tone carries very poorly, whereas the woodwind sound carries extremely 

well in the context of a string orchestra. We find that one piece of ad- 

vice must always be given to a player after his instrument has been 

reworked to sing as well as possible in all other ways: he must learn to 

play it at a lower dynamic level than he has been accustomed to heretofore, 

otherwise he will unbalance the ensemble. I had the unpleasant experience 

of hearing the beautiful clear voice of one of my modified clarinets all 

the way through Beethoven's Fourth Symphony--its thoughtless player did not 

understand that sometimes one is to hear the clarinet among the other 

voices and that at other times it, for instance, is supposed to melt in 

with the violas to make a nice composite sound with them. 

The second (and somewhat weaker) requirement for a good instrument is for 

it to have a reasonable intonation pattern. What does this mean today? 

Strict equal temperament is used only on the pipe organ, and a close cousin 

to it on the piano, the harpsichord, and other keyboard instruments. All 

other instruments can have their playing pitches shifted up and down by 



note to best fit into the changing chords. Even when playing with a key- 

board instrument, the wind player or violinst departs from equal tempera- 

ment in his responsible efforts to best fit in with the sounds coming from 

his colleague's instrument. As a practical matter today it is proper to 

build wind instruments so that their unmodified pitches match the equal- 

tempered scale, despite the fact that no wind musician plays serious music 

with this sort of tuning. However, as a statistical matter, the pitches 

needed for each note lie in a trimodal distribution placed so that the 

central group aluster about the equal-temperament pitches, while the 

upper and lower groups cluster about pitches some 12 or 15 cents above and 

below this. A player wants his instrument's natural tendencies to lie in 

the middle of the range it must cover, allowing him to pull it sharper or 

flatter as needed, without excessive loss of tone color or of the other 

aspects of response. 

We come now to the last and least explicit requirement--the instrument 

should have "suitable" tone color. This is a matter of national and cul- 

tural taste and also of historical authenticity. It is premature for us to 

go into the question of tone color suitability here. However, we can 

usefully notice that suitable tone color for the clarinet in the Berlin 

Philharmonic is quite different from what is considered correct in the 

Paris Conservatory orchestra. 

So far everything has been described and discussed in musicians' language. 

Before we launch ourselves into an investigation of the ways in which these 

musical properties depend on the physical structure of an instrument or on 

the way a listener functions in a concert hall, I should say explicitly 

that there are straightforward connections between the physical properties 

of a wind instrument that join to make it play well in all respects. Fur- 

thermore we can recognize and exploit the fact that the musicians' needs 

impose relatively few contradictory demands upon the properly skilled 

instrument designer. It is surprising to recognize how extremely well the 



traditional instruments have evolved to meet their players' needs, 

despite all the nonsense you can read about irrational ad hoc air-column 

and tone-hole systems. Very few of the critics have been able to even 

match the constructions of the makers they criticize. On the other hand, 

we must remember that wind instruments are complex enough that many aspects 

of their behavior have appeared heretofore inexplicable when looked at upon 

the basis of elementary acoustical theory. 

B. The maintenance of oscillations 

We should take explicit note now of the fact that wind instruments are 

self-sustaining oscillators--meaning that they sound as long as the player 

blows. This is in contrast, for example, to the behavior of the piano, in 

which a struck string starts with a large s~~pply of energy which it gradu- 

ally passes to the room via the bridge and the soundboard, and so its 

vibration fades away to rest. 

The oscillating air within the bore of a wind instrument also sends its 

energy out into the room for us to hear, but here the energy supply is 

replenished by an automatic mechanism--the reed. For this reason we should 

get a glimpse of the way in which this automatic mechanism functions under 

the guidance of the air column that controls it, after which we will be in 

a position to understand not only the way in which the basic characteris- 

tics of the instrument's sound are determined by its structure but also to 

see how these features of the structure must be mutually adjusted in order 

to make the instrument a good one from the point of view of the player. 

An example of a simple self-sustained oscillator is a child on a swing 

whose back-and-forth motions are maintained by a series of properly timed 

pushes which must be provided from a supply of energy (which was laid in 

by the pusher at his last meal!). Because the correct timing of these 

pushes is determined by observation of the child's position, we may say 

that the system is kept in motion via the action of an "eyeball-operated 



force controller". 

On our way to understanding the reed-and-air column system of a wind 

instrument as a self-sustained oscillator, we must digress briefly to 

review a little about the easily observed and readily understood oscilla- 

tions of water in a trough, since these oscillations turn out to be the 

mathematically exact counterparts of the less easily observed motions of 

air in the tubular bore of a wind instrument. Figure 2 shows three of the 

possible ways in which water can slosh back and forth in a trough. 
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MODE 
I 

The top part of the diagram shows the simplest mode of motion (call it 

mode 1). The water merely sloshes back and forth, piling up alternately 

at one end and then the other. This motion is strictly analogous to that 

of the child on a swing, whose mass moves back and forth from one extremity 

of the oscillation to the other. Clearly, I could put my opened hand into 

the water at the center of the trough and by suitably timed pushes could 

build up this simplest type of oscillation. The second type of motion 

possible for the water in this tub is shown in the middle part of Figure 2. 
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It is apparent that if I place my flattened hands symmetrically some dis- 

tance out from the center of the tub, moving them alternately closer to one 

another or farther apart will set up and maintain an oscillation of the see 

ond type--provided once again that my eyeball-operated force controller 

supplies the stimuli at correctly timed instants during the motion. The 

lowest part of Figure 2 shows yet another mode of oscillation for water as 

it moves longitudinally in an elongated channel. Here again, properly 

timed pushes from my hands could be used to start and maintain the oscilla- 

tion. 

Before we turn away from our water trough, let us notice yet another way 

in which its oscillations can be maintained. We recognize that at the 

left-hand end of the water trough the water level goes up and down consider 
ably in the course of any one of the modal oscillations. This means that 

we could excite any one of these oscillations by the vertical motion of my 

hand spread horizontally in the water at this end. All that is required is 

that this vertical motion be correctly timed to correspond to the slosh- 

ings of the desired mode. The important point here is that it is possible 

to "talk with" and thus excite any or all of the oscillatory modes by means 

of a stimulus device placed at one end of the trough. 

So far I have said nothing at all about the frequencies of these various 

modes of oscillation in the water. As a matter of fact there is relative- 

ly little that can be said at this point. If the trough is very long, all 

the frequencies are low, but the exact number of oscillations that take 

place in each second depends as much on the variations of the cross section 

of the trough as it does on the length. Further than this, experiment 

quickly shows us that sloshings of the second type repeat themselves more 

often in unit time than do those of mode 1, while mode 3 oscillates yet 

faster. I wish to emphasize that in general mode 2 does not oscillate 

twice as fast as mode 1, nor mode 3 three times as fast. It is only for 

certain special shapes of trough that this particular sort of frequency 

orderliness manifests itself. 



The elongated air columns of the various wind instruments show exactly 

analogous to-and-fro sloshings, and once again the air column shape deter- 

mines the exact frequencies at which the various types of oscillatory 

motion take place. We have recognized that the water level rises and falls 

at the closed end of the trough. This is of course a consequence of the 

cyclic arrival and departure of water at this point. On the other hand, 

in the air column we have a rise and fall of pressure at the end as more 

or fewer air molecules squeeze themselves into this region in the course of 

their oscillations. We will find in the next paragraphs that it is this 

oscillatory variation of pressure at the end of a musical instrument air 

column that controls the excitation mechanism by means of which it is 

played. 

Figure 3 shows our first musical instrument, a device which we can call a 

FLOAT OPENS A POSSIBLE SMALL WAVE OUTSIDE 
VALVE WHEN S LOSHl N G WAVE IS LEAKAGE FROM 

VALVE WATER IS HI GH IN THE CHANNEL INSIDE THE CHANNEL 
\ \ 

Fig. 3 

water trumpet. In this machine we have a trough with a trumpetlike vary- 

ing depth. A lever-mounted float is provided that opens and closes a 

valve in step with changes in the water level. The system of valve, float, 

and water channel can oscillate steadily in synchronism with any one of the 



natural sloshing modes of the water. This system is kept in operation 

through the services of a height-operated flow controller. When a strong 

sloshing motion is maintained inside the channel, a weakened version of it 

will leave the open to spread out over the sea--or into the concert hall 

for us to hear, if this is a wind instrument. 

Every wind instrument consists of an air column fed at one end by some 

externally operating flow-control valve. In the clarinet or oboe it is 

the reed that serves as a little door that opens and shuts to admit puffs 

of air from the player's lungs under the control of sound-pressure varia- 

tions that take place inside the reed-and-mouthpiece cavity. In the brass 

instruments the player's lips opened and closed by acoustic pressures 

present within the mouthpiece. In the flute family a jet of air from the 

player's mouth is steered alternately into and out of the mouth hole by 

the oscillating air within the air column itself. In short, we have a 

chicken-and-egg situation. In the reed woodwinds a series of air puffs is 

admitted into the air column by what we will call a pressure-operated flow 

controller in response to acoustic stimuli provided within the instrument's 

mouthpiece. On the other hand, these pressure variations in the mouthpiece 

are part of the air column's response to the stimulus provided by the enter- 

ing puffs of air. 

Because each response depends not only upon its particular stimulus but 

also upon the nature of the responding system, we must know something of 
of the dynamical behavior of the flow controller (i.e., the reed) and 

also of the air column to which it is attached. When one starts a note, 

a cycle of stimulus and response is set up in each half of the overall sys- 

tem that (in a good instrument) quickly settles down into a steady oscilla- 

tion of the desired pitch, dynamic level, and tone color. Thus we must 

find properties for both air column and flow controller that are mutually 

able to negotiate the desired stable behavior. 



C. Definitions of instrument categories 

Before proceeding, we should make clear exactly what a wind instrument is. 

Table 1 summarizes the various definitions and distinguishing features of 

the different members of the family. I wish to emphasize that the defini- 
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tions and distinctions tabulated here are acoustically, musically, and 

perceptually definite. Practically all instruments can be classified in 

an unambiguous way. Thus it is clear that the renaissance cornetto is a 

true woodwind. 

I will use a clarinet as the basis for essentially all my explanations and 

demonstrations partly because it is especially well adapted for this job 

and partly to avoid confusion caused by too many changing viewpoints. 

However, we discover that the clarinet shares practically all of its prop- 

erties with the other reed woodwinds and much of its essential behavior 

with the brasses. I will return to the flute family at the end of Lecture 

11. It turns out that the behavior of this family of instruments parallels 

that of the reed instruments so closely that we will need to change only 

one or two technical words to adapt my entire discussion to the flutes. 

D. Characterization of the air column and the reed 

So far we have had a glimpse at the way in which a musical system can keep 

itself in oscillation and we have provided ourselves with a framework for 

classifying the various types of instruments. Our next task is to learn 

how one characterizes the acoustical properties of an air column and of 

its collaborating reed in a manner that permits us to understand what we 

hear of their sounds and to predict what they act like. 

The upper part of Figure 4 looks like it has strayed from Lecture I11 and 

in a sense it has done so. However, it introduces us here to the way in 

which the response of a room (or an air column) can be measured. To begin, 

we take a sound source and a microphone and place them anywhere we like in 

the room. The excitation frequency of the source is then systematically 

varied from low to high as the response of the room is measured at the 

position of the microphone. Such an experiment typically provides us with 

an irregular response curve of the sort shown as part of the diagram. TO 

be technically strict, this curve shows the pressure response at one point 
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of t h e  room a r i s i n g  from a constant-amplitude s i n u s o i d a l  flow s t imu lus  

appl ied  a t  another  po in t .  Such an experiment has  meaning f o r  room acous- 

t i c s  because ou r  e a r s  a r e  p r imar i ly  p re s su re  s e n s i t i v e  and because most 

sound producers a r e  u l t ima te ly  of t h e  flow-source type.  The lower h a l f  of 

Figure 4 shows a  v a r i a t i o n  of t h e  b a s i c  experiment as it i s  adapted t o  t h e  

a i r  column of a  musical instrument .  Here t h e  source  (which a c t s  w i l ly -  

n i l l y  t o  i n j e c t  a i r  because i t  i s  dr iven  by an e l e c t r o n i c  a m p l i f i e r )  i s  

placed where t h e  f low-control l ing reed  i s  normally found. The microphone 

i s  placed w i t h i n  t h e  mouthpiece c a v i t y ,  where i t  can measure t h e  p r e s s u r e  

response of t h e  a i r  column a t  exac t ly  t h e  po in t  where p r e s s u r e  s i g n a l s  

normally g ive  i n s t r u c t i o n  t o  t h e  reed.  The response curve obta ined  i n  

such an experiment has  s t r o n g  peaks a t  t h e  va r ious  n a t u r a l  f r equenc ie s  of 

t h e  a i r  column. The l o c a t i o n ,  he igh t ,  and shape of t h e s e  peaks s e r v e s  t o  

i d e n t i f y  t h e  a i r  column. More important ,  such a  response curve cha rac t e r -  

i z e s  t h e  a i r  column i n  a  way t h a t  l e t s  us  p r e d i c t  how i t  can i n t e r a c t  w i th  

i t s  reed.  One can l e a r n  t o  read  t h e  curve l i k e  a  book and t o  a p p r e c i a t e  i t  

a s  a  good summary of t h e  musical p e r s o n a l i t y  of t h e  instrument  it d e s c r i b e s  

We w i l l  make ex tens ive  use  of t he  response curves of a c t u a l  ins t ruments  

throughout t h e  remainder of t hese  l e c t u r e s .  

The analogous experiments and summarizing curves f o r  t h e  reed  i t s e l f  a r e  

shown i n  F igure  5. The lower p a r t  of t h e  diagram shows t h e  experimental  
se tup ,  and t h e  upper p a r t  shows t h e  d a t a  obta ined  from it. I n  essence  one 

blows on a  reed  by means of an a r t i f i c i a l  embouchure, t h e  reed and mouth- 

p i ece  being a t t ached  t o  an a i r  column f i l l e d  w i t h  enough damping m a t e r i a l  

t h a t  i t  cannot have any s lo sh ing  motions wi th in  it. The experiment con- 

sists of measuring the  flow through t h e  reed a p e r t u r e  a s  a func t ion  of t h e  

p re s su re  d i f f e r e n c e  between t h e  "player 's"  mouth and t h e  i n s i d e  of t h e  

mouthpiece. When t h i s  p re s su re  i s  low, t h e  r e s u l t i n g  flow is small .  A t  

f i r s t ,  f low rises a s  t h e  p re s su re  i s  increased  ( a s  shown i n  t h e  upper 

p a r t  of t h e  graph) .  La ter  on, t h e  flow l e v e l s  o f f  and then  begins t o  

decrease a s  t h e  p re s su re  ac ros s  t h e  reed  begins t o  push i t  c losed ,  which 

decreases  t h e  a p e r t u r e  through which t h e  a i r  i s  flowing. This hump-shaped 
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curve r e l a t i n g  flow through t h e  reed  t o  t h e  d r i v i n g  p r e s s u r e  i s  t y p i c a l  of 

all the single-and double-reed ins t ruments  one meets i n  t h e  o r c h e s t r a .  The 

detailed shape depends of course  on whether we have a s i n g l e  r eed  o r  a 

double one, on t h e  exac t  way i n  which it was made, and on t h e  p r e c i s e  way 



i n  which i t  i s  a c t e d  on by t h e  p l a y e r ' s  embouchure. We can recognize  very 

e a s i l y  t h a t  i t  i s  t h e  presence of t h e  downhil l  s l o p e  on t h e  r igh thand  s i d e  

o f  t h e s e  curves t h a t  makes then  u s e f u l  a s  musical  f low c o n t r o l l e r s .  I n  

t h i s  reg ion  t h e  gene ra l  tendency of t h e  p l a y e r ' s  s t eady  blowing p r e s s u r e  i s  

t o  c l o s e  t h e  reed ,  whereas a momentary inc rease  i n  t h e  mouthpiece p r e s s u r e  

( i n  t h e  course of an o s c i l l a t i o n )  a c t s  t o  push t h e  a p e r t u r e  wider and s o  

permi ts  t h e  e n t r y  of more a i r .  It i s  t h i s  i nc rease  of flow t h a t  i s  pro- 

duced by an inc rease  i n  mouthpiece p re s su re  t h a t  main ta ins  t h e  o s c i l l a t i o n ,  

a s  we learned  i n  t h e  case  of t h e  water  trumpet.  By t h e  way, F igure  5 shows 

two curves,  from which we can recognize  t h a t  t h e  p l aye r  has  many cho ices  i n  

t he  way he g e t s  t h e  downhill p a r t  of t h e  flow-control curve t o  have t h e  

proper s lope  and curva ture .  He can push t h e  reed n e a r l y  c losed  by us ing  a 

very t i g h t  embouchure and then blow gent ly  o r  he can use  l e s s  embouchure 

tens ion  i n  conjunct ion wi th  g r e a t e r  blowing pressure .  We s h a l l  s e e  t h a t  

t h i s  freedom of choice i s  very important  f o r  t h e  s k i l l e d  p l aye r  because i t  

permits  him t o  make y e t  another  adjustment t o  t h e  behavior  of h i s  r eed  

without  upse t t i ng  i t s  flow-control p r o p e r t i e s .  

E. O s c i l l a t i o n s  of a reed and a i r  column 

We a r e  now i n  a p o s i t i o n  t o  put  our  two c h a r a c t e r i z a t i o n  curves ( f o r  t h e  

a i r  column and f o r  t h e  reed)  t oge the r  i n  a way t h a t  summarizes t h e  way i n  

which t h e  two p a r t s  of an instrument  must work toge the r .  The t a l l  curve  

of Figure 6 r ep re sen t s  what one might measure f o r  t h e  pressure-response of 

a s ~ e c i a l  a i r  column cons t ruc ted  i n  such a way t h a t  i t  has  only one n a t u r a l  

s lo sh ing  mode. The peak r e p r e s e n t s  t h e  s t rong ly  e x c i t e d  p r e s s u r e  v a r i a -  

t i o n s  s e t  up wi th in  t h e  mouthpiece when the  l abo ra to ry  flow s t imu lus  runs  

a t  a frequency approximately matched t o  t h a t  which is  n a t u r a l  t o  ("pre- 

fe r red"  by) t he  a i r  column. The h o r i z o n t a l  l i n e  l abe l ed  "breakeven" i n  

t h e  diagram i s  an abbrevia ted  r e p r e s e n t a t i o n  of t h e  f low-control  p r o p e r t i e s  

of t h e  reed.  It is  used a s  fol lows.  I f  t h e  response peak of t h e  a i r  
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column r i s e s  above t h i s  l i n e ,  i t  means t h a t  t h e  p r e s s u r e  r e s p o n s e  o f  t h e  

a i r  column t o  a  g iven  f low s t i m u l u s  i s  l a r g e r  t h a n  t h e  p r e s s u r e  s t i m u l u s  

r e q u i r e d  by t h e  r e e d  t o  produce t h i s  amount of f low.  I n  o t h e r  words,  t h e r e  

i s  more t h a n  enough response  from each  p a r t  of t h e  sys tem t o  t h e  s t i m u l u s  

provided by t h e  o t h e r  p a r t  t o  m a i n t a i n  an  o s c i l l a t i o n .  Under t h e s e  c o n d i -  

t i o n s  we would expec t  t h e  v i g o r  of t h e  o s c i l l a t i o n  t o  grow and grow u n t i l  

something explodes  o r  o t h e r w i s e  changes ,  s i n c e  more energy i s  f e d  i n t o  t h e  

sys tem i n  each c y c l e  of i t s  o s c i l l a t i o n  t h a n  i t  can  d i s s i p a t e  i n  f r i c t i o n  

and i n  r a d i a t i o n  of sound. 
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In an actual air column (as I will demonstrate shortly) the oscillation 

does not grow indefinitely: two things begin to happen. First of all, as 

the oscillation grows, small turbulences begin to appear within the air 

column, especially at any bore discontinuities or tone holes. This newly 

added form of friction grows rapidly and has the effect of pulling down and 

broadening the response curve. If nothing else takes place, this means 

that the sound level grows and the response peak becomes less tall until 

its maximum point just kisses the breakeven line set by the reed. Thus 

turbulent losses set an upper limit beyond which the oscillation cannot 

grow, so producing a limit to the strength of sound a given device can 

generate. 

There is also a second way in which the system can limit the amplitude of 

its oscillations. The reed does not just open and shut in a simple, pro- 

portional fashion. As a result, the flow pattern through it is not a 

straightforward copy of the pressure variations that give rise to it, 

except when the system is running at a pianissimo level. As one blows 

harder, the flow behavior changes and the air enters in little puffs that 

are properly timed by the pressure variation but which are not an exact copy 

of it. This means that (because the puffs form a regularly repeating se- 

quence) the flow pattern is made up of the sum of a fundamental and a set 

of harmonic sinusoidal components. This is true even though the reed is 

being controlled by the sinusoidal oscillations of a single air column mode! 

The presence of harmonic components is indicated in the diagram by the line 

with downward-pointing arrows. The leftmost arrow shows the location of 

the fundamental component, which is the one that is generated directly at 

the natural frequency of the,air column. The other two arrows show the 

locations of the second and third harmonics, which appear at twice and 

three times the "playing frequency". Notice that at both of the harmonic 

frequencies, the main response curve lie far below the breakeven line. 

This means that the air column and reed system cannot produce energy to 



help sustain the newly born components. On the contrary, they join 

together to become yet another way to stea4 energy from the main oscilla- 

tion, and so to limit its amplitude. A musician trying to play a crescen- 

do on our single-resonance prototype instrument finds that it is fairly 

easy to sound it at a pianissimo level. Here the turbulent losses are 

small and the harmonic generation process is negligible. However, as he 

increases his blowing pressure, turbulence places a rapidly growing drain 

on the system so that the loudness grows only a little when the player 

increases his effort a great deal. Furthermore, his greater effort pro- 

duces increasing amounts of harmonic components which add to the drag upon 

his efforts. Ultimately the reed simply blows shut and the instrument 

falls silent. 

Sound example 1 of the recording included in this report illustrates all 

phenomena outlined in the preceding paragraph. What you hear first is the 

normal sound of a healthy clarinet, complete with clear tone color and a 

reasonable dynamic range. Following this come the sounds produced by this 

same clarinet when it is fingered in a curious way that gives it a response 

curve of the single-peaked sort we have discussed so far. These sounds 

start out very soft and, as the player increases his efforts, become dirty 

and full of hissing noises. In each case, what is intended as a crescendo 

turns into a strangled little beep. 

F. Cooperative effects 

Suppose that instead of an air column whose response curve has only one 

peak we have one that is able to oscillate in two or,more different modes, 

each of which manifests itself as a peak on the response curve. Such peaks 

are indicated by dotted lines in Figure 6. Notice that the peak belonging 

to mode two is tall enough to reach above the breakeven line belonging to 

the reed. This means that this mode also could collaborate with the reed 

to keep itself in oscillation. The third-mode peak does not extend above 

the breakeven line and, since it therefore cannot maintain its own oscilla- 



t i o n ,  we w i l l  ignore i t  f o r  t h e  moment. 

What happens when w e  blow on t h e  reed of our revised  instrument? F i r s t  

of a l l ,  a t  a pianissimo l e v e l  w e  f i n d  t h a t  the  t a l l  first-mode peak t akes  

precedence over everything e l s e ,  and the  o s c i l l a t i o n  s t a r t s  a t  exac t ly  t h e  

same frequency a s  before. This time, however, a s  one blows harder ,  t h e  

second harmonic component f i n d s  i t s e l f  loca ted  a t  a po in t  where t h e  a i r  

column curve l ies above the  breakeven l i n e .  A s  a r e s u l t  i t  can support  

i t s e l f  and even supply energy t o  t h e  rest of t h e  system ins tead  of being a 

heavy drag on everything. Such an "instrument" allows you t o  blow very 

much harder without pressing t h e  reed shu t  and produces a much more r e a l i s -  

t i c  sound complete wi th  a t r u e  crescendo behavior. However, n o t i c e  t h a t ,  

according t o  the  f i g u r e  response peak number 2 is  not  located  a t  exac t ly  

the  pos i t ion  along the  frequency a x i s  t h a t  would al low i t  t o  cooperate 

bes t  with the  second harmonic produced by t h e  reed a c t i n g  i n  conjunction 

with peak number 1. We use t h i s  observation a s  our in t roduc t ion  t o  one of 

the  f ea tu res  t h a t  d i s t ingu i shes  a good instrument from a poor one. On an 

a i r  column of the  s o r t  shown i n  Figure 6 ,  an attempt t o  play a crescendo 

not  only gives a rise i n  loudness, but  a l s o  a rise i n  p i t ch .  I n  a manner 

of speaking, peak number 2 says t o  peak number 1, "If  you w i l l  consent t o  

generat ing a sound whose fundamental is  only a l i t t l e  h igher  than your f r e -  

quency of maximum response, i t  w i l l  no t  reduce your e f f i c i e n c y  very much. 

However, the  second harmonic t h a t  you generate t o  go wi th  t h i s  fundamental 

w i l l  l i e  somewhat higher,  and s o  w i l l  f a l l  c lose r  t o  t h e  frequency a t  

which I i n t e r a c t  bes t  with the  reed." Between the  two response peaks a 

s o r t  of p o l i t i c a l  negot ia t ion  t akes  p lace  which leads  them t o  choose a 

bas ic  o s c i l l a t i o n  frequency t h a t  maximizes the  a b i l i t y  of both modes t o  

produce energy through t h e i r  i n t e r a c t i o n  with the  reed. 

I n  general ,  then, seve ra l  response peaks of an a i r  column can cooperate 

i n  s e t t i n g  up what i s  c a l l e d  a regime of o s c i l l a t i o n .  The o s c i l l a t i o n  

takes place a t  a fundamental frequency such t h a t  a t  t h i s  frequency and a t  



its harmonics there is a maximum cooperation among the voting members of 

the regime. At the pianissimo level of playing we find that only the tall- 

est peak has a vote, and during a crescendo the peaks lying near the suc- 

cessive harmonics gain influence one by one. If the air column shape is 

such that its natural frequencies are not quite in whole-number relation- 

ship, then one finds pitch drifts during crescendos and decrescendos and a 

general lack of every kind of playing stability. In short: to make an 

instrument sing, one must "align" the response peaks by carefully chosen 

adjustments of the air column, tone-hole, mouthpiece, and reed proportions. 

G. Some practical implications 

Every orchestration book warns the composer to beware of the almost uncon- 

querable tendency of a clarinet to drift downward in nitch during a low- 

register crescendo. We can readily understand the reason for this: the 

frequency ratio between response peaks 1 and 2 is less than the whole num- 

ber relationship (3-to-1) that would be desirable. This means that under 

loud playing conditions peak 2 is voting for a reduced pitch relative to 

the preferences of peak 1. During the decrescendo, peak 2 relinquishes its 

vote and the pitch rises to agree with the specifications laid down by peak 

1. 

Sound example 2 on the record shows peculiar and unfamiliar sounds pro- 

duced by a clarinet whose response peaks are slightly rearranged so that 

the pitch drops rather than rises as the dynamic level is reduced. 

Experienced players find this clarinet very uncomfortable to play because 

their habitual actions, which have been highly developed to keep pitch 

changes to a minimum on their own instruments, only serve to accentuate 

the peculiar behavior of this instrument. 

We have now met the cooperative behavior by means of which the sloshing 

modes of an air column govern the action of a pressure-operated reed in 

maintaining a musical oscillation. We have also met our first illustration 



of the implications of these phenomena for the practicing musician. Let 

us consolidate our understanding by using the measured response curve of 

an actual trumpet to predict and understand its behavior. Figure 7 shows 

the response curve for a first-class modern trumpet along with some 

diagrammatic indications of how the notes C and G are produced by 4 4 
regimes of different sets of response peaks. The regime for C is based 4 

1000 2000 
FREQUENCY ( H z )  

Fig. 7 



on air-column peaks 2, 4, &...When the tone is sounded at a pianissimo 

level, it is unsteady because the not-very-tall peak has difficulty in 

stabilizing the accidental tremors of the player's lips which are rather 

massive in relation to the air which tries to control them. As the loud- 

ness level increases, the very tall peak 2 begins to get a vote; at once 

the sound stabilizes and fills out and, as the crescendo continues, the 

sound evolves into the full-throated blare that one expects from a fine 

brass instrument. The regime for G a fifth above is based on mutual 4 
negotiations between peaks 3, 6, 9, .... Here the note is fairly steady 
even at a pianissimo level because the strongly responding (i.e., having a 

tall peak) mode 3 of the air column finds it easy to dominate the player's 

lip reed even when acting by itself. The tone stabdlizes further as the 

crescendo continues, just as before. We see from all this why a trumpet 

player may be a little unhappy when asked to make a cold entry on a pianis- 

simo C but finds that a similar entry on a G is no particular problem. 4 4 

H. Role of the reed's own natural frequency 

We have paid very close attention so far to the ways in which the natural 

frequencies of the air column affect the generation of musical sounds, and 

we have tacitly assumed the flow-controlling reed to be a simple springlike 

object to be pushed open and shut by the pressures that act upon it. This 

is true to a first approximation for the woodwind reeds, although I have 

already hinted at the usefulness of the player's ability to exchange 

embouchure tension for blowing pressure. Closer inspection reveals that 

the reed itself has a natural frequency of oscillation. When the reed is 

acted on by forces whose repetition frequency is relatively low, its motion 

is in step with those forces and is of magnitude determined almost com- 

pletely by the springiness of the reed. In the neighborhood of the reed's 

natural frequency, a repetitive force produces a resonance behavior such 

that the excursions of the motion are very much larger than those observed 



with either low-frequency or high-frequency excitation. Furthermore we 

discover that when the excitation frequency is higher than the reed's own 

natural frequency, the resulting motion has rather startling behavior--the 

reed swings in an opposite sense from what is observed at low frequencies. 

Thus it runs toward a push and away from a pull! 

The fact that a reed becomes especially sensitive to any instructions that 

may come from the air column at frequencies near its own natural frequency 

is important to the ultimate tonal behavior of both woodwinds and brasses. 

Furthermore, the reverse-phase behavior above resonance is absolutely nec- 

essary if the brass player's lips are to be able to function as a musical 

flow controller. 

The brass player's analog to the reed flow-control curve of Figure 5 shows 

a continually rising graph. The harder one blows the wider the lip aper- 

ture becomes, and so the more the air flow. Looked at another way this 

says that an increase in the pressure within a brass instrument mouthpiece 

decreases the flow, exactly contrary to what happens with a woodwind reed. 

At first this would seem to say that the lip reed functions to kill off any 

oscillations that may be taking place within an air column. Resolution of 

the problem is very simple--the self-sustaining ability of a woodwind reed 

exists at frequencies below the reed's own frequency, whereas on the 

brasses it is always above (where the reverse-phase motion takes place). 

Let us run through all this now using breakeven lines and air-column 

response curves. Figure 8 sbows among other things the pressure-response 

curve for an air column similar to that used in producing the written note 

B on a saxophone or oboe. We notice that it has only two tall peaks, 4 
above which is a squiggly region of slight response (whose existence will 

become progressively more important during the second lecture)., This fig- 

ure also shows a breakeven line for the reed, only this time it is not 

level. The height of this line falls progressively until it crosses the 

axis at the reed frequency. As one tries to drive the reed at frequencies 

progressively closer to its own resonance, its increased response means 
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t h a t  i t  can maintain o s c i l l a t i o n  by cooperat ing wi th  p rog res s ive ly  l e s s  

t a l l  air-column peaks. A s  t h e  s o l i d  breakeven l i n e  i s  drawn i n  our  f i g u r e ,  

a i r  column peaks 1 and 2 a r e  t a l l  enough t o  j o i n  a regime of o s c i l l a t i o n .  

There is  a l s o  a l i t t l e  region j u s t  above 2000 Hz where t h e  air-column curve 

i s  above breakeven. However, t h i s  reg ion  i s  n o t  i n  whole-number r e l a t i o n  

wi th  t h e  500-,1000-,1500-Hz sequence of f requencies  t h a t  w i l l  b e  generated 

by t h e  regime of o s c i l l a t i o n .  A s  a r e s u l t ,  t h i s  l i t t l e  reg ion  p l ays  no 

r o l e  i n  t h e  product ion of sound. Suppose now t h a t  t h e  p l aye r  s l a c k s  h i s  

embouchure a l i t t l e ,  a l lowing (among o t h e r  t h ings )  t h e  r e e d ' s  own frequency 

t o  f a l l  enough t h a t  t h e  breakeven l i n e  i s  l i k e  t h e  one shown do t t ed .  Now 

t h e  a i r  column response curve l i e s  above t h e  breakeven l i n e  a t  2000 Hz, s o  

t h a t  t h e r e  is  d i r e c t  product ion of o s c i l l a t o r y  energy n o t  on ly  a t  t h e  500- 

and 1000-Hz p o s i t i o n s  of t h e  response peaks bu t  a l s o  a t  t h e  harmonically 



re la ted  frequency of 2000 Hz. The l i s t e n e r  f inds  t h a t  t h e  r e s u l t i n g  tone 

is  f u l l e r  and s t e a d i e r .  The player f i n d s  tha t  t h i s  s o r t  of playing--with 

h i s  embouchure s e t t i n g  arranged t o  produce reed resonance cooperations at  

one o r  another of t h e  harmonics of whatever note he is playing--not only 

makes him f e e l  more secure about everything he is  c a l l e d  upon t o  do but  

a l s o  t h a t  every aspect  of what we have ca l l ed  the  goodness of h i s  ins t ru -  

ment i s  enhanced by the  add i t iona l  cooperation t h a t  he has introduced i n t o  

the  various regimes. 

Figure 9 shows a very s imi la r  set of curves, t h i s  t i m e  f o r  a trumpet a i r  

0 500 1000 1500 2000 
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column and t h e  backwards-appearing breakeven l i n e  f o r  t h e  b r a s s  p l a y e r ' s  

l i p  reed.    he p l aye r  has  set h i s  embouchure so  t h a t  t h e  l i p - r eed  reso-  
nance l i e s  j u s t  below peak 3 of t h e  air column. A s  a r e s u l t  t h i s  peak 

t a k e s  primary r e s p o n s i b i l i t y  i n  gene ra t ing  t h e  tone. Peaks 6 and 9 ,  

which a r e  a t  l e a s t  somewhat tal ler than  t h e  sharp ly  r i s i n g  breakeven l i n e ,  

then  j o i n  i n  t h e  regime a s  needed. Notice t h a t  t h i s  f i g u r e  g i v e s  u s  a 

c l o s e r  look a t  t h e  way i n  which t h e  p l aye r  and h i s  trumpet gene ra t e  t h e  

tone  G When t h e  p l aye r  wishes t o  p l ay  something l i k e  a bugle  c a l l ,  he  
4 

simply moves t h e  l ip - reed  resonance t o  approximately match t h e  f r equenc ie s  

of  t h e  va r ious  air-column peaks t h a t  correspond t o  t h e  no te s  t h a t  he wishes 

t o  play.  

The b r a s s  p l aye r  s h i f t s  from one n o t e  t o  another  by changing t h e  n a t u r a l  

frequency of h i s  l i p  reed. How then  does t h e  woodwind p l aye r  change 

r e g i s t e r s ?  Before we answer t h i s  ques t ion  d i r e c t l y ,  l e t  us  d i g r e s s  t o  a 

byway of musical  acoustics--sounds generated by an a i r  columnwhose response 

peaks are no t  i n  a whole-number r e l a t i o n s h i p .  A t  f i r s t  one might t h i n k  

t h a t  such sounds are no t  p o s s i b l e  above a pianissimo l e v e l .  Under heav ie r  

blowing t h e  reed would be expected t o  blow shu t .  However, t h i s  does n o t  

happen i f  t h e  p l aye r  can a r r ange  t h e  reed  resonance t o  l i e  a t  some f r e -  

quency t h a t  can a t  l e a s t  somewhat coopera te  w i th  one o r  another  response 

peak. When t h i s  i s  done, a p e c u l i a r  t ype  of sound i s  generated.  Some of 

t h e  components of t h i s  sound l i e  i n  harmonic r e l a t i o n  t o  one another ;  one 

might even f i n d  two o r  more sets of i n t e r tw ined  harmonic components, b u t  

one always f i n d s  a c o l l e c t i o n  of a d d i t i o n a l  components whose o r i g i n  and 

r e l a t i o n s h i p  we w i l l  no t  d i s c u s s  he re .  However, i t  i s  worthwhile t o  hea r  

such a sound and t o  hea r  one ve r s ion  of i t  slowly evolve i n t o  ano the r  ver- 

s i o n  as t h e  p l a y e r ' s  embouchure g radua l ly  changes t h e  reed  frequency from 

one va lue  t o  another .  Sound example 3 on t h e  record provides  such sounds, which 

a r e  known t o  musicians a s  mul t iphonics .  



I. Register changes and register holes 

The last topic in this lecture on sound production by wind instruments has 

to do with the way in which a woodwind player changes registers--that is, 

how he changes the sound from one produced by the first air-column 

response peak acting on the reed with help from all the higher-frequency 

peaks to a sound in which the second peak takes major charge of the regime, 

using any assistance it can get from the higher-frequency air column. 

This changeover cannot have a trivial explanation because it requires a 

regime that includes many cooperating members to give up its authority to 

one with fewer participants. Sound example 4 a of the accompanying record 

shows how neatly and cleanly a properly constructed clarinet will jump from 

one register to the other a musical twelfth away. The top part of Figure 

10 shows the actual response curve of a clarinet air column in its normal 

state--a tall first peak followed by several less tall peaks all arranged 

in a 1, 3, 5 frequency sequence. Superposed on this curve is the slightly 

modified curve associated with the air column response that occurs after 

the opening of a scientifically designed but non-standard register hole. 

This register hole wasdesigned to have the major effect of making peak 1 

less tall than peak 2 without altering the frequencies of any of the other 

peaks. Sound example 4 b of the record verifies that pianissimo playing on 

this air column gives the upper-register pitch, as we might expect for an 

air column whose peak 2 is the tallest. It is however possible to start 

the low-register tone by a fortissimo attack, exploiting all the normal 

cooperations of the low-register regime. Once the note is started, how- 

ever, during a played diminuendo we find that the pitch makes a transition 

to the higher register (as demonstrated in sound example 4 c). This 

transition happens when the voting strength of the upper peaks becomes 
small enough that they can no longer support the weakened first peak 

against the efficacy of the taller peak 2 acting alone. We have here a 

register-hole design that is only useful for pianissimo playing, a design 

that is likely to produce unpredictable results at any other dynamic level. 
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The lower half of Figure 10 compares the normal response curve for this 

clarinet with the curve resulting from the use of yet another laboratory- 

type register hole. Here we see that, instead of making peak 1 less tall 

than peak 2 without altering its natural frequency, the register hole has 

left peak 1 quite tall but has displaced it upward to a carefully chosen 

frequency that has no whole-number relationship with the other peaks- 

Sound example 4 d of the recording shows us that when this particular 

clarinet is played fortissimo it runs steadily in its second register but, 

during a diminuendo, the pitch abruptly drops to an out-of-tune first- 

register note that is fed by the displaced but still tall first peak 

acting by itself. If I try to play a crescendo on this altered low- 

register note, the instrument will do one of two things: it will either 

choke up entirely as the higher harmonics generated by the reed encounter 

the anticooperating dips between the resonances, or it will cough and make 

a transition back up to the properly working second-register note. Here we 

have investigated the behavior of a register-hole design that functions 

reasonably well at the fortissimo level but which tends to misbehave at low 

levels and during changes in dynamics. 

How then does the register-hole system of a real clarinet (or oboe, or 

saxophone) need to be designed? The answer is very simple--it must borrow 

its properties from both of the laboratory examples. A useful register 

hole must reduce the tallness of peak 1 sufficiently to assure proper opere 

tion at the softer playing levels. It must also displace the frequency of 

peak 1 to give it a position where the cooperative possibilities between it 

and the other peaks are destroyed, thus making certain that register 

changes are correctly obtained when the player is sounding his instrument 

at the louder levels of performance. 

J. Conclusion of lecture I 

This first lecture has been a very full one. Let us glance back over our 

path through it to see what all we have done. After considering the vir- 



tues that must be provided by any sort of good instrument, we took up the 

problem of how the oscillations of an airscolumn are maintained by means of 

a pressure-operated flow controller (the reed). Next we became acquainted 

with the powerful effects of intermode cooperation, which allowed us to 

understand many aspects of the playing behavior of real instruments. In 

the next lecture we will learn a little about the nature of the sounds that 

are produced within a musical air column and then will take up a study of 

the way these are modified on their way out of the instrument into the room, 



LECTURE 11. SOUND RADIATION FROM INSTRUMENTS 

We have seen so far many of the ways in which a set of natural frequencies 

belonging to an air column will cooperate with a reed in the task of con- 

verting the steady blowing of a player into musical sound. However we 

have not done niore than glance at the nature of this generated sound. In 

other words, we have postponed until now almost all mention of the rela- 

tive strengths of the harmonic components that make up this sound. The 

reasons for this postponement are twofold. Our attention was upon the 

large task of building up a basic understanding of the oscillation mechan- 

ism. Furthermore, certain details of the radiation processes that transfer 

(and modify) sound as it passes from the interior of the instrument into 

the room also play a part in controlling the nature of the produced sound 

within the instrument. 

A. Properties of the internal spectrum 

Our first task in this lecture will be to relate the shape of the air- 

column response curve to the sound spectrum that it will produce when 

working with a reed. For simplicity I will at the start confine my discus- 

sion to what happens in the pianissimo-to-mezzo-forte playing range of a 

single-reed woodwind. The corresponding range of a brass instrument beha~es 

quite similarly. The double-reed instruments and the fortissimo range of 

single-reed instruments have a rather different behavior which I will only 

touch upon briefly before we look at the radiation behavior of all instru- 

ment S . 
We have already learned that in pianissimo playing the reed cooperaces with 

the tallest air-column response peak to produce a very nearly "pure" 

sinusoidal oscillation. Putting it another way, the sound recipe measured 

within the mouthpiece has only a single ingredient and its frequency is 

very nearly that of the air-column peak. We have also learned that during 

a crescendo new ingredients are added to the recipe, one by one, their fre- 



quencies being whole-number multiples of the first-appearing (i.e., fun- 

damental) component. Clearly, the relative strengths of these various 

components depend on the success with which the air column talks to the 

reed at the frequencies of these components. Itwill come.asno surprise 

then for me to state that components will be strong or weak depending on 

the height of the air-column response curve measured at the frequencies of 

each component. Without going through the long and difficult mathematics 

that leads to it, let me set down here a simple but basically accurate 

formula relating the strengths of the various ingredients making up the 

sound: 

n 
= p Z X [details having to do with reed complexities] 

Pn 1 n 

This formula says among other things that if we refer everything to the 

strength p of the fundamental component of the sound, the strength p 
1 n 

of the nth harmonic will grow and shrink proportionally with p raised to 1 
the nth power. Thus a doubling of the fundamental component increases the 

second harmonic fourfold (22 = 4), 'and the third harmonic ninefold 
3 (2 = 8 ) .  The symbol Z stands for the height of the response curve at 

n 
the frequency of the nth harmonic ingredient of the tone, so that the 

formula tells us that (to present approximation) the strength of the 

ingredient is directly proportional to the corresponding value of Z. 

We can gain somewhat more insight into the meaning of the formula if we 

consider what happens to the sound recipe as one plays a decrescendo from 

mezzo forte. At first the strong and weak components of the sound simply 

reflect the strong and weak responses of the air column at the frequencies 

of the components. If the player reduces his blowing pressure enough to 

make the'fundamental component fall by 112, the second harmonic is reduced 

to (112)~ = (114) of its initial value, and the third harmonic by a factor 

(112)~ = (118). Continuing the decrescendo, by the time the fundamental 

component is reduced to 114 of its original value, the second and third 

harmonics are reduced to factors of 1/16 and 1/64. As the descrescendo 



cont inues ,  we f i n d  thus  t h a t  t h e  h igher  components become n e g l i g i b l y  sma l l  

before  t h e  lower ones. Conversely during a  crescendo t h e  lower components 

come i n  e a r l i e s t  and a r e  followed by t h e  h ighe r  components. One can very  

we l l  say t h a t  one of t he  d i s t i n g u i s h i n g  f e a t u r e s  of t h e  wind-instrument 

sound is  t h e  p rog res s ive  "flowering" o r  "unfolding" of t h e  tone c o l o r  dur- 

i ng  a  crescendo. A s  a  matter of f a c t ,  something very s i m i l a r  t o  t h i s  

f lowering t akes  p l ace  every time a no te  i s  s t a r t e d  o r  stopped. I n  o t h e r  

words, t h e  components come i n  o r  go ou t  as d i f f e r e n t  members of t h e  regime 

of o s c i l l a t i o n  t a k e  up o r  r e l i n q u i s h  t h e i r  i n f luence .  

B. Examples of t h e  spectrum behavior  

The Hungarian t a roga to  is  an  instrument  t h a t  w i l l  s e r v e  us  p a r t i c u l a r l y  

w e l l  a s  an  i n t r o d u c t i o n  t o  t h e  use  of our  sound r e c i p e  formula and a s  

a  convenient i l l u s t r a t i o n  of some r e l a t e d  a s p e c t s  of t h e  sound-production 

process .  Before we look i n t o  i t s  a c o u s t i c a l  behavior  we should l e a r n  i n  

b r i e f e s t  terms j u s t  what s o r t  of instrument  t h i s  is.  One of my musician 

f r i e n d s  descr ibed  t h e  ta roga to  i n  a wonderfully p r e c i s e  manner--"It i s  a  

wooden soprano saxophone wi th  no bad h a b i t s ;  i t s  tone  i s  a c r o s s  between 

t h a t  of a  saxophone and an English horn." Those of you who have s t r u g g l e d  

wi th  o r  l i s t e n e d  t o  a performer t r y i n g  t o  overcome t h e  n a s t y  h a b i t s  of a 

soprano saxophone w i l l  app rec i a t e  t h e  f i r s t  p a r t  of t h i s  c h a r a c t e r i z a t i o n .  

The usefu lness  of t h e  second p a r t ,  t h a t  has  t o  do w i t h  tone  co lo r  w i l l  

become apparent  very s h o r t l y .  While t h e  t a roga to  i s  a n  unfami l ia r  i n s t r u -  

ment, i t  se rves  us  w e l l  he re  i n  p a r t  because i t  s h a r e s  i t s  gene ra l  behavior  

with a l l  woodwinds and i n  p a r t  because i t  i s  an  example of a r e a l l y  good 

con ica l  instrument .  

Figure 1 shows i n  i t s  l e f t  ha l f  t h e  measured response curve belonging t o  

t he  G f i n g e r i n g  of t h e  ta roga to .  4 
>lot ice t h a t  t h e r e  a r e  two t a l l  response peaks and a l s o  t h a t  t h e r e  is  essen- 

t i a l l y  no resonance behavior a t  a l l  above about 1100 Hz. This shows t h a t  

we may expect t h e  sound r e c i p e  measured i n  t h e  mouthpiece a t  f o r t e  l e v e l  t o  
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have s t r o n g  f i r s t  and second harmonics, w i th  a f a i r l y  weak t h i r d  harmonic, 

and very l i t t l e  i n  t h e  way of higher-frequency components. The top  cu rve  

i n  t h e  right-hand p a r t  of t h e  f i g u r e  shows t h a t  t h e  measured spectrum 

agrees  very w e l l  wi th  expec ta t ions  based on our formula. When t h e  blowing 

p re s su re  i s  reduced enough t h a t  t h e  fundamental component of t h e  tone  i s  

reduced t o  61  percent  of i ts  o r i g i n a l  va lue ,  t h e  middle curve on t h e  r i g h t  

s i d e  of F igure  1 shows t h a t  t h e  second harmonic has f a l l e n  t o  38 pe rcen t  of 

i t s  o r i g i n a l  s t r e n g t h .  This  is i n  almost p r e c i s e  agreement w i t h  t h e  

( 0 . 6 1 ) ~  = 0.37 amplitude r a t i o  p red ic t ed  by our  formula. S i m i l a r l y  t h e  

t h i r d  harmonic is  found t o  be  reduced t o  22 percent  of i t s  o r i g i n a l  ampli- 

tude  i n  good agreement wi th  t h e  23 percent  given by t h e  formula. The low- 

est curve of t h e  r igh thand diagram shows equal ly  good agreement w i t h  theory  

and se rves  us  a s  an  i l l u s t r a t i o n  of t h e  f a c t  t h a t  a t  low p lay ing  l e v e l s  

almost no th ing  remains of t h e  tone  beyond t h e  fundamental component. 

A convenient method of summarizing t h e  v a r i a t i o n  wi th  p l ay ing  l e v e l  of  t h e  

sound spectrum wi th in  t h e  mouthpiece of a s ingle- reed  ins t rument  is  t o  s ay  

t h a t  f o r  every dec ibe l  change (up o r  down) i n  t h e  l e v e l  of t h e  fundamental 

component we have a two-decibel change i n  t h e  second harmonic, a th ree -  

d e c i b e l  change i n  t h e  t h i r d  harmonic, e t c .  F igure  2 i s  based on t h i s  

method of d e s c r i p t i o n  of an experiment done on a c l a r i n e t .  

Tape-recorded diminuendos and crescendos were analyzed by techniques  s i m i -  

l a r  t o  those  used t o  g e t  d a t a  f o r  t h e  r igh thand s i d e  of F igure  1. Measure- 

ments on success ive  crescendo-decrescendo sequences and measurements made 

on success ive  days proved t o  be  extremely s t a b l e  (wi th in  a d e c i b e l  a t  cor- 

responding dynamic l e v e l s ) .  I n  F igure  2 we should t a k e  n o t i c e  of a s l a n t -  

i n g  l i n e  l abe l ed  P which i s  devoid of d a t a  p o i n t s  and runs  upward d i agonag  1 
l y  ac ros s  t he  graph. This l i n e  r e p r e s e n t s  ( t r i v i a l l y )  t h e  dB change i n  t h e  

s t r e n g t h  of t h e  fundamental a s  r e f e r r e d  t o  i t s e l f .  Next on t h e  r i g h t  i s  a 

broken l i n e  wi th  d a t a  p o i n t s  on i t ,  l abe l ed  P3. These p o i n t s  r e f e r  t o  
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measurements of t h e  t h i r d  harmonic component of t h e  tone.  The l i n e  i t s e l f  

i s  drawn so  a s  t o  s l o p e  upward a t  t h e  t h e o r e t i c a l l y  p r e d i c t e d  r a t e  of 3 dB 

f o r  every dB i n c r e a s e  i n  t h e  s t r e n g t h  of t h e  fundamental. Notice t h a t  t h e  

measured p o i n t s  l i e  almost p r e c i s e l y  on t h e  l i n e  up t o  a p o i n t  marked 

"change of f ee l " .  Other l i n e s  r i s i n g  a t  t h e  r a t e  of 5, 7,  and 9 dB p e r  

dB a r e  a l s o  shown along wi th  da t a  p o i n t s  marked P 
5' ?7' 

and P t o  show fur -  
9 

t h e r  evidence of t h e  co r r ec tnes s  of our  formula. 

I wish t o  emphasize t h a t  t h i s  formula comes d i r e c t l y  from a mathematical 

a n a l y s i s  of t h e  gene ra l  behavior  of an  a i r  column c o n t r o l l i n g  a r eed ,  and 

it has no "adjus tab le"  f e a t u r e s  t h a t  could modify t h e  p red ic t ed  behavior  we 

a r e  s tudying.  I have observed behavior  i n  agreement w i t h  t h e  formula no t  

only f o r  t h e  c l a r i n e t  and t h e  t a roga to  b u t  a l s o  f o r  t h e  trumpet and (under 

c e r t a i n  cond i t i ons )  f o r  t h e  saxophone and t h e  bassoon. The oboe shows 

e n t i r e l y  d i f f e r e n t  behavior ,  a s  does t h e  bassoon most of t h e  t ime, a long  

wi th  t h e  saxophone sometimes and even t h e  c l a r i n e t ,  a s  we s h a l l  see. 

C. The bea t ing  reed and i t s  spectrum 

I have gone t o  g r e a t  pa ins  he re  t o  demonstrate t h e  s t r a igh t fo rward  and 

sys temat ic  behavior  of most of t h e  o r c h e s t r a l  wind ins t ruments  a s  i t  con- 

cerns  t h e  change of sound spectrum measured w i t h i n  t h e  mouthpiece. I have 

a t  t h e  same time implied t h a t ,  under c e r t a i n  condi t ions ,  t h e  sound r e c i p e  

of a wind instrument  shows a d i f f e r e n t  behavior .  Let us  t u r n  out  a t t e n t i o n  

t o  t h e  v e r t i c a l  l i n e  marked "change of f e e l "  i n  F igure  2 a s  ou t  introduc-  

t i o n  t o  what i s  going on. 

When one p l ays  s o f t l y  on a s ingle- reed  ins t rument ,  t h e  reed  v i b r a t e s  

smoothly back and f o r t h ,  opening and c l o s i n g  t h e  a p e r t u r e  a t  i t s  t i p  i n  t h e  

manner we d iscussed  i n  Lecture I. A s  a crescendo develops,  however, t h e  

amplitude of t h e  reed  motion grows u n t i l  f i n a l l y  t h e  t i p  of t h e  reed  



a c t u a l l y  s t r i k e s  t h e  t i p  of t h e  mouthpiece and momentarily s h u t s  o f f  t h e  

a i r  f low once i n  each cyc le  of i ts  o s c i l l a t i o n .  I f  one blows ha rde r  and 
ha rde r  t o  f u r t h e r  develop t h e  crescendo, t h e  reed spends a n  i n c r e a s i n g l y  

l a r g e  p o r t i o n  of i ts  time pressed  a g a i n s t  t h e  f ac ing .  The a i r  flow thus  

takes  on more and more of t h e  c h a r a c t e r  of a  s e r i e s  of a b r u p t  p u f f s  and 

l e s s  t h e  c h a r a c t e r  of a  smoothly inc reas ing  and decreas ing  flow. The play- 

e r  can r e a d i l y  d e t e c t  t h e  i n s t a n t  i n  a  crescendo when t h e  reed  begins  t o  

beat :  n o t  only does t h e  reed  " f e e l  d i f f e r e n t "  t o  h i s  embouchure bu t  a l s o  

t h e  sound he  h e a r s  becomes d i s t i n c t l y  d i f f e r e n t .  This  p o i n t  i s  what i s  

marked on t h e  diagram, and i t  i s  c l e a r  from the  a l t e r e d  t r e n d  of t h e  d a t a  

p o i n t s  t h a t  t h e  e n t i r e  behavior  of t h e  sound r e c i p e  changes once t h e  play- 

i n g  l e v e l  g e t s  above t h i s  c r i t i c a l  va lue .  

Anyone e l s e  i n  t h e  room can a l s o  hea r  t h e  change of t one  c o l o r  t h a t  occurs  

when t h e  reed f i r s t  begins t o  "beat". The i n d i v i d u a l  t app ing  n o i s e s  from 

t h e  r eed ' s  c o l l i s i o n  wi th  t h e  mouthpiece a r e  r e a d i l y  heard  when low n o t e s  

on a  bass  c l a r i n e t  a r e  loudly played,  a s  they a r e  much of  t h e  t ime i n  t h e  

normal use of t h e  saxophone. The bassoon a l s o  provides  u s  a good i l l u s t r a -  

t i o n  of t h e  same e f f e c t  produced by t h e  bea t ing  toge the r  of t h e  two p a r t s  

of i t s  reed.  The oboe shows t h e  same behavior ,  a s  does t h e  c l a r i n e t ,  b u t  

he re  t h e  tappings a r e  not  e a s i l y  recognized f o r  what they  are u n t i l  one 

knows what i s  going on. 

There has  been much controversy over  many yea r s  a s  t o  whether t h e  c l a r i n e t  

reed a c t u a l l y  c l o s e s  t h e  mouthpiece t i p  o r  no t .  We can very  e a s i l y  r e s o l v e  

the  controversy and a l s o  understand i t s  o r i g i n .  P a r t i c u l a r l y  i n  German- 

speaking coun t r i e s  f o r  many yea r s  i t  was customary t o  p l a y  t h e  c l a r i n e t  

w i th  reeds  and mouthpieces proport ioned s o  t h a t  i n  o rd ina ry  performance 

t h e  reed  never c losed  completely. It w a s  considered bad technique t o  al low 

t h e  c h a r a c t e r i s t i c  sound of a  bea t ing  reed  t o  be heard (except  perhapsunder  

t h e  most demanding circumstances of r ap id  p lay ing  a t  a h igh  dynamic l e v e l ) .  



I n  France, on t h e  o t h e r  hand, i t  has  been customary t o  use  r eeds  and mouth- 

p i eces  designed t o  be  used w i t h  a p l ay ing  s t y l e  t h a t  c a l l s  f o r  t h e  r eed  t o  

bea t  almost con t inua l ly .  The t r a d i t i o n  i n  o the r  c o u n t r i e s  t ends  t o  l i e  

between t h e s e  two extremes, and t h e  pervasiveness  of t h e  extreme forms i n  

Germany and France i s  becoming p rog res s ive ly  l e s s .  I n  gene ra l ,  musicians 

a r e  tending toward equipment and p l ay ing  techniques t h a t  permi t  them t o  

vary t h e i r  tone  c o l o r  ac ros s  t h e  range permit ted by more o r  less v igorous ly  

bea t ing  r eeds ,  and they can do t h i s  a t  n e a r l y  a l l  dynamic l e v e l s .  On t h e  

experimental  s i d e  we can now r e a d i l y  understand how an  observer  w i l l  f i n d  

one o r  another  type  of behavior ,  depending on t h e  a c c i d e n t s  of  h i s  country 

and t h e  instrument  he  chooses t o  s tudy .  H e  can make very  p o s i t i v e  state- 

ments because he has  never seen  t h e  f u l l  v a r i e t y  of behavior .  

It i s  p o s s i b l e  t o  g i v e  a r a t h e r  gene ra l  summary of t h e  sys t ema t i c  behavior  

of t h e  sound r e c i p e  generated by a f u l l y  bea t ing  reed  t o  supplement t h e  

formula given e a r l i e r  f o r  t h e  non-beating reed.  One l e a r n s  from t h e  h e a r t  

of v i b r a t i o n  physics  t h a t  r e g a r d l e s s  of any d e t a i l s  of t h e  e x c i t a t i o n  mech- 

anism, i f  a reed permits  a i r  t o  flow through i t  f o r  p r e c i s e l y  114th of t h e  

t i m e  of each cyc le ,  then  harmonics 4 ,  8 ,  12 ,  16 ,  ... w i l l  be  almost  com- 

p l e t e l y  missing from t h e  r ec ipe .  S imi l a r ly  i f  t h e  f r a c t i o n a l  t i m e  of flow 

i s  1 /6 th ,  then  harmonics 6, 12, 18,  ... w i l l  be  very  weak, and s o  on. W e  

l e a r n  a l s o  t h a t  t h e  components l y i n g  most n e a r l y  a t  t h e  midpoints  between 

t h e  zeros  i n  t he  harmonic s e r i e s  w i l l  tend t o  be f a i r l y  s t rong .  Fur ther -  

more, i f  t h e  reed pops open f o r  a time t h a t  i s  almost b u t  n o t  q u i t e  a s i m p l e  

f r a c t i o n  of t h e  time of  one cyc le ,  then  t h e  corresponding components w i l l  

be  weak, though no t  q u i t e  as weak a s  before .  A l l  t h i s  comes from t h e  mere 

ex i s t ence  of complete c lo su re  dur ing  p a r t  of t h e  r eed ' s  cyc l e .  The rest of 

t h e  behavior  of t h e  r e c i p e  w i l l  depend more o r  l e s s  as b e f o r e  on t h e  n a t u r e  

of t h e  air-column response curve and thence on t h e  d e t a i l e d  way inwhich  t h e  

a ir  flow grows and sh r inks  dur ing  each per iod  when t h e  reed  i s  open. 



Figure 3 shows a r a t h e r  spec t acu la r  example of t h e  sound spectrum pro- 

duced by a s t r o n g l y  bea t ing  saxophone reed.  

A L T O  SAXOPHONE 
CONN M-210127 
MOUTHPIECE AHB B-I 
DHK ll OCT '78 

"g. 3 

By pure chance, t h e  reed and mouthpiece p r o f i l e s  and t h e  manner of blowing 

produced a va lv ing  a c t i o n  i n  which a i r  could flow through t h e  reed  f o r  

exac t ly  116th of t h e  t ime of each r e p e t i t i o n ,  hence t h e  weakness of com- 

ponents 6,  12,  18  ... i n  t h e  r ec ipe .  Closer  a n a l y s i s  shows t h a t  t hese  

components would be exac t ly  zero except  f o r  t h e  f a c t  t h a t  t h e  i n d i v i d u a l  

pu f f s  of a i r  do not  begin and end i n  a p r e c i s e l y  symmetrical fash ion .  



I should comment here that much of the formant structure traditionally 

attributed to woodwind spectra (to the extent that the measurements are 

correct at all) is in fact due to the rise and fall of the spectrum enve- 

lope produced by the beating reed. We recall that the strict usage of the 

word formant refers to the enhancement of certain portions of a sound spec- 

trum that is associated with more or less invariable resonance or radiation 

maxima in the air column. It is worthwhile to look forward here to one of 

the conclusions we will reach in the course of this lecture. There is in 

fact almost no simple formant behavior to be recognized in the sound pro- 

duction of wind instruments. 

D. Radiation behavior of tone holes and bells; the cutoff frequency 

We are at last in a position to discuss the emission of sound from a musi- 

cal air column. So far we have dealt exclusively with sound-pressure 

recipes of the sort that are measured within the mouthpiece, that is, at 

the very spot where the acoustic pressure variations of the air column 

carry out the job of instructing the reed about its duties as a valve. One 

way or another the sound produced within the air column communicates itself 

to the outside air, the relative strengths of the various components being 

modified along the way. We will refer to the description of this "outside" 

sound as the external spectrum to distinguish it from the internal spectrum 

measured within the mouthpiece. This of course implies the existence of 

some kind of spectrum transformation function which converts the internal 

spectrum to its external counterpart. 

Theory and experiment agree that a long row of open tone holes spaced 

along the lower end af a tube (as at the lower end of a woodwind) is a 

very ineffective emitter of low-frequency sound. As a matter of fact, 

such sounds traveling down the tube toward the row of holes are almost 

totally reflected back, with only a minute fraction being able to leak 

out into the room. At somewhat higher frequencies, a somewhat greater 

fraction of the sound is radiated from the holes and (as a result) less 

is reflected back toward the source. 



Suppose we carry out an experiment that measures the efficacy with which a 

row of holes emits sound into the room and measures also the remaining 

fraction of the sound that is reflected back up the tube. Beginning at 

low frequencies the radiation efficiency rises steadily to a certain 

sharply marked frequency (which we will for various reasons call the cutoff 

frequency f ), above which very nearly all of the sound is emitted and 
C 

essentially none is reflected. Similar experiments with a trumpet or trom- 

bone bell attached to the lower end of a long, cylindrical pipe show very 

similar results: weak emission and strong reflection at low frequencies; 

increased emission and reduced reflection as the frequency is raised toward 

a clearly definable cutoff frequency; and above this cutoff frequency, 

almost complete emission and negligible reflection We can immediately sur- 

mise from these pieces of information that the spectrum transformation 

function rises steadily from a very small value at low frequencies to near 

unity at a cutoff frequency determined by the proportions of the open holes 

or of the bell. Let me put this another way: only a small fraction of the 

fundamental component generated within the mouthpiece of a musical instru- 

ment finds its way out into the room, a slightly greater fraction (whatever 

its internal strength may be) of the second harmonic is observable in the 

external spectrum, and so on. Components of the tone that are generated 

above the open tone-holes (or bell) cutoff frequency are strongly emitted 

into the room. An audio engineer might say that the tone-hole or bell- 

radiation device serves like a treble boost tone control. It has a rising 

characteristic to f and is flat thereafter. 
C 

In principle we know, by now, how to give a good approximation to the 

internal spectrum of a wind instrument played softly, fairly loudly, and 

very loudly. We have also just learned how, in principle, to convert the 

internal spectrum to the external one by use of our newly met transforma- 



t i o n  func t ion .  There is ,  however, a very  i n t e r e s t i n g  a d d i t i o n a l  f e a t u r e  of 

t h e  r a d i a t i o n  behavior  of a row of tone  holes  t h a t  must c a r r y  us  back t o  

t h e  n a t u r e  of t h e  i n t e r n a l  spectrum be fo re  we can t ake  up s e v e r a l  r a t h e r  

remarkable f e a t u r e s  of what t h e  mus,ician c a l l s  t h e  tone  c o l o r  of a woodwind 

Let us review f o r  a moment. The p l aye r  supp l i e s  a s t eady  f low of a i r  

which i s  converted i n t o  a r e g u l a r  s e r i e s  of p u f f s  by t h e  back-and-forth 

motion of t h e  reed.  These p u f f s  t r a v e l  down t h e  a i r  column t o  t h e  tone  

holes  o r  b e l l ,  where they a r e  modified because of t h e  complicated way i n  

which t h e  r a d i a t i o n / r e f l e c t i o n  process  t akes  p lace .  The modif ied r e f l e c t e d  

puff comes back t o  push t h e  reed  open, thus  s t a r t i n g  t h e  nex t  round of  t h e  

cyc le .  We know t h a t  t h i s  sequence of p u f f s  i s  b u i l t  up of t h e  v a r i o u s  

harmonic components of t h e  tone ,  and s o  we r e a l i z e  t h a t  t h e  coope ra t ive  

e f f e c t s  we s tud ied  i n  t h e  f i r s t  l e c t u r e  can be thought of a s  be ing  depend- 

e n t  on t h e  s t r e n g t h  and t h e  t iming of t h e  r e t u r n  t o  t h e  r eed  of each com- 

ponent from i ts  round t r i p  t o  t h e  tone  ho le s  a t  t h e  lower end of t h e  i n s t r u  

ment . 

Because of t h e  weak r a d i a t i o n  of t h e  fundamental component of t h e  tone ,  i t  

i s  s t rong ly  r e f l e c t e d  and comes back t o  g ive  t h e  reed  v igorous  i n s t r u c t i o n s  

on how t o  breed more of i t s  kind.  The second harmonic r e t u r n s  less s t rong-  

l y ,  and s o  breeds i t s  replacement l e s s  s u c c e s s f u l l y  a t  t h e  reed .  Continu- 

ing  t h i s  l i n e  of thought shows t h a t  any components t h a t  happen t o  be pro- 

duced by t h e  reed above t h e  tone-hole cu tof f  frequency simply run  down t h e  

bore and escape! They do n o t  r e t u r n  t o  breed,  and s o  t o  s t r e n g t h e n  t h e i r  

t r i b e .  A l l  t h i s  can be summarized i n  very few words: t h e  reed  and a i r  
column do no t  d i r e c t l y  c o l l a b o r a t e  t o  produce o s c i l l a t o r y  energy above 

t h e  cu to f f  frequency. Furthermore, low-frequency components a r e  s t r o n g l y  

regenerated,  whi le  h igher  components t h a t  l i e  below f a r e  l e s s  s t r o n g l y  
C 

produced. A l l  t h i s  w e  have a l r eady  expressed i n  terms of t h e  t a l l n e s s  of 

t h e  air-column response curve peaks. S t rongly  r e f l e c t e d  sounds a r e  

a s soc i a t ed  wi th  t a l l  peaks and s o  w i t h  s t rong  gene ra t ion  of t h e s e  compon- 



e n t s .  Weak r e f l e c t i o n s  g ive  r i s e  t o  less t a l l  response peaks,  and t o  

weakly genera ted  components of t h e  tone.  Above f t h e r e  i s  e s s e n t i a l l y  no 
C 

r e f l e c t i o n ,  and whatever is generated by t h e  reed comes about  a s  t h e  r e s u l t  

of a l l  s o r t s  of small-scale  and one might say lef t -handed p roces ses  n o t  

o therwise  a s s o c i a t e d  wi th  t h e  main bus iness  of tone  product ion.  

F igure  4 c o n t r a s t s  t h e  measured air-column response curve of  a p i e c e  of 

c l a r i n e t  tub ing  taken by i t s e l f  and t h e  curve obta ined  when t h e  lower end 

i s  provided w i t h  an  ex tens ion  p i ece  ca r ry ing  a long row of open ho le s .  

F i g .  4 



The upper p a r t  of t h e  f i g u r e  shows a progress ion  of equa l ly  spaced response 

peaks whose t a l l n e s s  f a l l s  away g radua l ly  because of t h e  i n c r e a s i n g  f r i c -  

t i o n a l  a t t e n u a t i o n  of t h e  high-frequency waves. The lower f i g u r e  shows 

t h a t  t h e  t a l l n e s s  of  t h e  response peaks f a l l  away more quick ly  i n  a p i p e  

wi th  tone h o l e s  and t h a t  above t h e  cu to f f  frequency f  t h e r e  a r e  e s s e n t i a l -  
C 

l y  no response peaks. This  i s  p a r t i c u l a r l y  c l e a r c u t  l abo ra to ry  example of 

t h e  behavior you have a l ready  seen  i n  F igures  8 and 10  of Lec ture  I and 

Figure  1 of Lec ture  11. 

E. Tone-color impl ica t ions  of t h e  cu to f f  frequency 

We seem t o  have run i n t o  a kind of t r a p  i n  our  d i scuss ion  of  t h e  sound 

s p e c t r a  of woodwinds. Because of t h e  behavior  of r eeds  and tone  h o l e s  w e  

have deduced t h a t  components t h a t  a r e  s t r o n g l y  produced w i t h i n  t h e  i n s t r u -  

ment a r e  weakly r ad i a t ed .  S imi l a r ly ,  t h e  weakly produced components a r e  

s t r o n g l y  r a d i a t e d .  This seems a t  f i r s t  t o  imply t h a t  t h e  e x t e r n a l  spectrum 
of a l l  woodwinds should be  s i m i l a r ,  because t h e  e f f e c t s  of r a d i a t i o n  and 

product ion e f f i c i e n c y  w i l l  roughly counterbalance one another!  To a  f i r s t  

approximation, a t  l e a s t  w i t h i n  t h e  conf ines  of a  s i n g l e  fami ly  of  wood- 

winds, t h i s  sameness of t h e  measured e x t e r n a l  spectrum appears  t o  be  con- 

firmed by l abo ra to ry  measurement. However, I am about t o  desc r ibe  t o  you 

evidence t h a t  shows t h a t  t h e  musical  e a r  (p l aye r  and l i s t e n e r )  is  i n  f a c t  

extremely s e n s i t i v e  t o  e f f e c t s  a s s o c i a t e d  wi th  s m a l l  changes i n  t h e  cu to f f  

frequency f  . 
C 

Before going f u r t h e r  l e t  us glance a  moment a t  how w e  can r e c o n c i l e  t h e s e  

apparent ly  con t r ad ic to ry  remarks. To begin wi th ,  d a t a  a v a i l a b l e  s o  f a r  on 

t h e  e x t e r n a l  s p e c t r a  have shown no s i g n  of t h e  e f f e c t  of f  . We must 
C 

recognize however t h a t  t h i s  i n  i t s e l f  proves very  l i t t l e  because s c i e n t i s t s  

who s e t  ou t  t o  measure e x t e r n a l  s p e c t r a  have over  t h e  y e a r s  pa id  almost no 

a t t e n t i o n  t o  t h e  phenomena of sound propagat ion i n  t h e  room o r  have m i s -  

appl ied  i t s  guidance. Secondly they have almost always neglec ted  t o  t a k e  

i n t o  account c e r t a i n  f e a t u r e s  of t h e  r a d i a t i o n  process  (which we w i l l  n o t  



take up until Lecture 111) whose existence and general nature has been at 

least talked about for nearly a century. Finally in this litany of inade- 

quate performance, the scientist has not been sufficiently careful about 

specifying what he wants his player to do--he has not bothered to speak to 

him in musically intelligible terms and has not called on him to do things 

that are a part of the musician's professional skill. As a result, even 

cursory examination of published sound spectra show almost no agreement 

among observers or even between repetitions of the same test. To make 

matters worse, in most cases the musician has been blamed for his inability 

to hold a steady note or to repeat a set of tones one day after another. 

While I am being extremely critical here of my fellow scientists, I should 

confess that until very recently, my awareness of what needed to be done 

was not matched by a knowledge of how to do it. As a result, caution and 

perhaps cowardice have kept ne (till now) from even attempting to measure 

anything other than internal spectra, for which it is less difficult to 

obtain repeatable data. 

I wil1,now make a three-part assertion about the great musical signifi- 

cance of the tone-hole cutoff frequency and provide illustrations of their 

correctness and usefulness. 

1. Other things being equal, on a properly aligned woodwind, lower 

tone-hole cutoff frequency is associated with darker tone color. 

2. A considerable part of the characteristic sound of an instrument 

is determined by its tone-hole cutoff frequency. 

3. Recognized similarities in the sounds of different types of instru- 

ment are often associated with the similarity of their tone-hole cut- 

off frequencies. 

Figure 5 shows the air-column response curves measured on a specially 

constructed laboratory clarinet which will serve as a good introduction to 

our exploration of the relation between tone color and f . 
C 



FREQUENCY (Hz)  
F i g .  C, 

The top curve shows t h e  response curve f o r  t h e  tube  when n e a r l y  a l l  t h e  

ho le s  a r e  c losed ,  s o  t h a t  i t  would sound one of t h e  lower n o t e s  of i t s  

chalumeau r e g i s t e r  range. The succes s ive  curves t r a c e d  below t h i s  one show 

the  p a t t e r n  of peaks and d i p s  f o r  t h e  a i r  column used i n  p l ay ing  h ighe r  

no te s  i n  t h e  low-regis ter  s c a l e ,  t h e s e  n o t e s  being obta ined  by succes s ive ly  

opening more tone ho le s .  

Notice t h a t  t h e  c l a r i n e t  has been designed so  t h a t  f o r  each n o t e  t h e r e  a r e  

f a i r l y  s t r o n g  response peaks t h a t  can work toge the r  w i th  t h e  reed t o  pro- 

duce t h e  sound. A curving l i n e  down ac ros s  t h e  diagram shows f o r  each 

curve t h e  l o c a t i o n  of t h e  cu to f f  frequency designed f o r  t h a t  no te .  Above 

t h i s  l i n e  t h e r e  a r e  only weak, r e s i d u a l  peaks and d i p s  t h a t  do n o t  p lay  an 

a c t i v e  r o l e  i n  t h e  o s c i l l a t i o n .  



A physicist looking at these response curves would at once recognize the 

reason why this instrument was named the isospectrum clarinet by its maker. 

Every note has essentially the same pattern of response peaks and dips as 

every other, and I should emphasize that the "alignment" of the response 

peaks for each note was carried out with great care to assure the best 

possible cooperations. According to what we have learned in part A of 

this lecture, the great similarity of air-column response pattern between 

notes will lead to the production (under given conditions of blowing) 

of tones having different fundamental frequencies but with almost identi- 

cal relationships between the strengths of the components of each of the 

various tones. Experiment sh~ws that the designer's expectations are in 

fact borne out so far as the physical spectrum is concerned. Experiment 

shows further, however, that a musical listener invariably will describe 

the low notes of a chromatic scale of the chalumeau register of this in-- 

strument to be much darker than those of a normal clarinet, while the high 

notes are described as much brighter. In the neighborhood of C however, 4 ' 
the isospectrum clarinet has the familiar sound of a good conventional 

clarinet. I should tell you that the tone-hole cutoff frequency of the 

isospectrum clarinet was designed to match that of a normal ~b instrument 

at the written note C (in round numbers 1600 Hz). We will learn that f 4 C 

is roughly constant over the whole chalumeau register of a normal clarinet. 

On the isospectrum clarinet, f is therefore lower than normal at the low 
C 

end of its scale and higher than normal at the top. 

Sound example 5 on the record shows the auditory effects nroduced by the 

isospectrum clarinet and contrasts them with the behavior of a normal 

instrument. While it does not appear on the demonstration record, I can 

tell you that direct cohparison of the new clarinet's lowest notes with 

those of similar pitch on an EP alto clarinet, or a comparison of its 
notes an octave higher (say E to G ) with those on an EP soprano instru- 4 4 
ment, show remarkable similarities. This is because the cutoff frequencies 

of these notes of the isospectrum clarinet closely match the cutoffs of 



t h e s e  normal instruments .  

The experiments descr ibed s o  f a r  have a l l  had t o  do w i t h  p lay ing  i n  t h e  

low r e g i s t e r  of an instrument .  However, t h e  second r e g i s t e r  of a  woodwind 

i s  a l s o  played using t h e  same s e t  of tone  ho le s  ( i n  conjunct ion  of course  

wi th  a  r e g i s t e r  ho le ) .  Any tone-color e f f e c t s  a s s o c i a t e d  w i t h  f  i n  t h e  
C 

low r e g i s t e r  w i l l  t h e r e f o r e  have t h e i r  second-reg is te r  coun te rpa r t s ,  as we 

w i l l  v e r i f y  i n  t h e  fol lowing paragraphs. 

F. Experiments w i th  two c l a r i n e t s  

Some years  ago I took a  p a i r  of good q u a l i t y  ~b c l a r i n e t s  and reworked 

t h e i r  bores  and tone holes  i n  such a way t h a t  f  of a l l  t h e  no te s  on one 
C 

instrument  was lowered by about 2 pe rcen t ,  wh i l e  t h e  o t h e r  instrument  was 

modified s o  t h a t  f  was r a i s e d  by a  s i m i l a r  amount. Such mod i f i ca t ions  
C 

were a  s u b t l e  bus iness ,  s i n c e  I wished t o  p re se rve  t h e i r  o r i g i n a l  good 

tuning  and t o  a r range  t h e i r  inter-resonance al ignments  f o r  b e s t  respon- 

s iveness .  P lay ing  r e s t s  agreed wi th  l abo ra to ry  measurements t o  show t h a t  

by any s tandard  t h e  two c l a r i n e t s  were of t op - f l i gh t  ar t is t  grade. A s  a  

mat te r  of f a c t ,  they have been borrowed from time t o  t ime by p r o f e s s i o n a l  

p l aye r s  wishing t o  e x p l o i t  t h e i r  e s p e c i a l  v i r t u e s  i n  p u b l i c  performance. 

Having t o l d  you what f i n e  ins t ruments  they a r e  a s  i n d i v i d u a l s  ( they  can 

a l s o  be played i n  due ts  wi th  ease  and comfort) ,  i t  i s  time t o  d e s c r i b e  t h e  

r e a c t i o n s  of everyone who has heard them and everyone who has played them. 

P layers  wi th  a  primary i n t e r e s t  i n  c l a s s i c a l  music--those who cons ider  

Mozart, Brahms, Schubert,  Hindemith, o r  Bartok a s  t h e i r  musical  bread and 

but te r - -wi l l  i nva r i ab ly  choose t h e  lower-f ins t rument .  While they admire 
C 

i t s  responsiveness  and e x c e l l e n t  tuning ( f e a t u r e s  expected of any f i n e  

ins t rument ) ,  they a r e  p a r t i c u l a r l y  taken wi th  i t s  dark ,  smooth tone-- 

"almost l i k e  an  A c l a r i n e t " .  These same p l a y e r s  ( o r  l i s t e n e r s )  r e j e c t  t h e  

raised-f  instrument  e n t i r e l y ,  and f r equen t ly  w i th  cons iderable  scorn .  
C 

They claim i t  i s  too  s h r i l l ,  d e s p i t e  t h e  f a c t  t h a t  when pressed  they ag ree  



t h a t  i t  i s  j u s t  a s  respons ive  and w e l l  tuned a s  i t s  da rke r  mate. One of 

my jazz-player f r i e n d s ,  on t h e  o t h e r  hand, spoke about t h e  low-f i n s t r u -  
C 

ment: "You have a f a i l u r e  here- - i t  has  no tone,  i t  i s  dead." He became 

very exc i t ed ,  on t h e  o t h e r  hand, about t h e  raised-f  ins t rument .  He 
C 

p ra i sed  i t s  b r i g h t ,  c l e a r  tone  and i n s i s t e d  on t ak ing  i t  w i t h  him f o r  t h a t  

n i g h t ' s  job and those  i n  t h e  succeeding week. When i n d i v i d u a l s  of t h e  two 

persuas ions  toge the r  confront  both ins t ruments ,  each confes ses  himself  

b a f f l e d  by t h e  o t h e r  one 's  p re fe rences ,  even when each i s  happy t o  acknowl- 

edge h i s  f r i e n d ' s  p r o f e s s i o n a l  e x p e r t i s e !  

We have he re  a  spec t acu la r  example of t h e  meaning of my remarks a t  t h e  

beginning of Lecture I about  " s u i t a b l e  tone  color" .  The c l a s s i c a l  p l aye r  

i n  America tends  t o  want an  instrument  t h a t  is  s l i g h t l y  darker-toned than  

he can r e a d i l y  o b t a i n  on t h e  commercial market, bu t  i n  a  p inch  he w i l l  

accept  h i s  jazz-playing f r i e n d ' s  b r i g h t e r  instrument  on loan  i f  h i s  own 

instrument  i s  i n  f o r  r e p a i r s .  I n  exac t ly  s i m i l a r  f a sh ion  t h e  j azz  p l aye r  

wants a  s l i g h t l y  b r i g h t e r  c l a r i n e t  than  he  can buy, b u t  w i l l  borrow a 

c l a s s i c a l l y  voiced instrument  i f  he must. My two c l a r i n e t s  a r e ,  on t h e  

o t h e r  hand, d i f f e r e n t  enough t h a t  whi le  each has i t s  e n t h u s i a s t i c  support-  

e r s ,  members of t h e  oppos i te  camp f i n d  them too d i f f e r e n t  t o  be  accep tab le  

(even a s  musical  ins t ruments  a t  a l l ! ) .  

G. Cutoff frequency in f luences  on o r c h e s t r a l  ins t ruments  

Having met two i l l u s t r a t i o n s  of t h e  empi r i ca l  re levance  of t h e  tone-hole 

cu tof f  frequency t o  t h e  tone  co lo r  of woodwinds, w e  can u s e f u l l y  look over  

t h e  measured va lues  of f  over t h e  s c a l e s  of h i s t o r i c a l l y  r e p r e s e n t a t i v e  
C 

members of t h e  c l a r i n e t ,  oboe, and bassoon f a m i l i e s .  F igu re  6 shows such 

da t a  f o r  a  number of c l a r i n e t s .  

A quick look a t  t h e  p l o t t e d  curves taken a s  a  group shows t h a t  f  f a l l s  
C 

only s l i g h t l y  i n  going from t h e  top t o  t h e  bottom of t h e  range of tone 
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holes. The upper heavy line (marked 2 on the diagram) is typical of 

modern Boehm-system B1 clarinets. We can use this as our point of depar- 

ture for our study of the other instruments presented here. For example, 

the lower heavy curve (no. 3) shows the trend of f for the matching Boehm- 
C 

system A clarinet. Notice how parallel these two trend lines are, reflec- 

ting the fact that both instruments are of the same design. 

Since f differs by about 6 percent between these two instruments, we can 
C 

get a measure of the listener's sensitivity to small changes: my two 

modified clarinets each differ from the normal Bb instrument by about one- 

third of the f difference between a normal Bb and an A. Comparison of 
C 

the raised, normal, and lowered f BP clarinets is readily done by playing 
C 

before even a relatively inexperienced audience, with most of it able to 

place the instruments in correct order. 



One of the clarinets shown in Figure 6 is a beautifully made and well- 

preserved C clarinet from Beethoven's time (no. 4). From the point of 

view of a player, the tone color of the upper-joint notes is found by 

actual trial to match a modern BP very well, whereas all but the bottom 

two of the lower-joint notes are distinctly darker even than today's A 

clarinet. Notice that these observations are entirely consistent with the 

trend of f for this instrument: "a member of the crowd'' for the notes 
C 

fingered in the left hand, and very low for the fingerings corresponding to 

the notes from C4 down to F I .  We understand from this why it has become 3 
customary in today's orchestra to play classical C-clarinet parts on a BP 

instrument. We understand it even better when we recall that today's Boehm 

C clarinet (f 1800 Hz) is entirely too shrill for normal use. I have 
C 

myself done major surgery on such an instrument and succeeded in combining 

excellent response and tuning with a greatly reduced f (close to 1700 Hz). 
C 

The instrument has now lost the shrillness that is typical of its breed and 

has become a very pleasant instrument to play, but it is still too bright 
for acceptable performance of classical clarinet music. 

We turn now to a glance at the oboe family, as presented in Figure 7. As 

O B O E S  SINCE 1720 

U 
800 I BOEHM-DESIGNED, T R I ~ B E R T  
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(JAMESON) 
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n 2 40 4 GERMAN-LATE I8TH CENT., FLOTH (BLOOM ) 
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before ,  a heavy l i n e  i n d i c a t e s  t he  p r o p e r t i e s  of our  most f a m i l i a r  i n s t r u -  

ment, t he  Conservatory oboe. A l l  ins t ruments  made today match t h i s  pa t -  

t e r n  extremely c lose ly- - reca l l  t h e  turmoi l  caused i n  t h e  c l a r i n e t  world by 

an unfami l ia r  2 percent  s h i f t  i n  f ! We need only t o  p o i n t  out  t h a t  f i s  
C C 

extremely cons tan t  ac ros s  t h e  e n t i r e  s c a l e ,  except  a t  t h e  f i n g e r i n g  l a b e l e d  

C5. 
It i s  w e l l  known t h a t  t h i s  C and i t s  upper oc tave  tend  t o  be ha r sh  ' 

and wi ld ,  and he re  w e  s e e  t h e  reason. I has t en  t o  add t h a t  T r i e b e r t  and 

h i s  successors  had very good reasons f o r  pe rmi t t i ng  t h i s  anomaly and t h e r e  

would be many complaints from performers about t h e  p l a y a b i l i t y  of t h e  in-  

strument i f  i t  were though t l e s s ly  r egu la r i zed  he re .  

The h ighes t  curve (no. 1 )  on Figure 7 is  of an instrument  made by T r i e b e r t  

himself t o  a des ign  worked out  by Theobald Boehm. Despi te  t h e  f a c t  t h a t  

t h i s  oboe p l ays  with a wel l-centered b e a u t i f u l l y  respons ive  tone and has  

very accu ra t e  tun ing ,  i t  is  musica l ly  u se l e s s .  The tone  i s  hopeless ly  

b r i g h t  and harsh ,  p a r t i c u l a r l y  i n  t h e  upper- joint  no te s .  Once aga in ,  t h e  

p o s i t i o n  and t r end  of our  f l i n e  c o r r e l a t e s  exceedingly w e l l  wi th  t h e  
C 

musical a t t r i b u t e s  of t h e  instrument .  Despi te  t h e  expe r t  e f f o r t s  of two of 

t h e  b e s t  nineteenth-century craf tsmen,  t h i s  instrument  f a i l s  because i t  

does not  i nc lude  acceptab le  tone c o l o r  among i ts many v i r t u e s .  

The bottom l i n e  (no. 5) of da t a  on F igure  7 i s  of p a r t i c u l a r  i n t e r e s t  t o  us 

f o r  t h e  l i g h t  i t  c a s t s  on Asser t ion  3 about t h e  e f f e c t s  of f on t h e  i d e n t i -  
C 

f i c a t i o n  of instruments .  This curve shows t h e  t y p i c a l  v a r i a t i o n  of f over  
C 

t h e  s c a l e  of Baroque instruments .  We pause long enough t o  n o t i c e  t h a t  i n  

round numbers t h e  c h a r a c t e r i s t i c  va lue  of f i s  1100 Hz. I w i l l  a l s o  t e l l  
C 

you t h a t  t h e  modern English horn has a curve l i k e  t h a t  of today ' s  oboe, 

except t h a t  i t  is moved down t o  l i e  c l o s e  t o  1100 Hz.  No wonder t h a t  many 

people f e e l  t h a t  t h e  tone  of a Baroque oboe i s  reminiscent  of an Engl i sh  

horn ! 

By t h e  way, i t  i s  o f t e n  s a i d  (I have w r i t t e n  t o  t h i s  e f f e c t  myself!) t h a t  



t h e  c h a r a c t e r i s t i c  vowel sound ("aw") of an English horn i s  caused by t h e  

formant behavior  of i t s  pear-shaped b e l l .  This is  f a l s e  f o r  t h r e e  rea-  

sons: (a)  t h e  b e l l  on t h e  instrument  shows no formant behavior ;  (b) t h e  

spoken sound "aw" is  a s soc i a t ed  wi th  t h e  p o s i t i o n  and s t r e n g t h  of a t  l e a s t  

two, and b e t t e r ,  t h r e e  formants;  and (c)  replacement of t h e  b e l l  by a  tu-  

bu la r  ex tens ion  wi th  holes  designed t o  g ive  an 1100-Hz c u t o f f  l e a v e s  t h e  

instrument  w i t h  i t s  c h a r a c t e r i s t i c  vo ice  unimpaired. 

Before we l eave  t h e  oboes I wish t o  ha rk  back t o  my i n t r o d u c t o r y  remarks 

on t h e  t a roga to  i n  s e c t i o n  B of t h i s  l e c t u r e .  There I s a i d  t h a t  t h e  tone  

co lo r  of t h e  instrument  was reminiscent  of t he  English horn. I a l s o  

pointed out  i n  connection wi th  F igure  1 (without u s ing  t h e s e  p r e c i s e  words) 

t h a t  t h e  t a r o g a t o ' s  f  i s  c l o s e  t o  1100 Hz.  By now t h e  connect ion should 
C 

be obvious--our e a r s  have become f a m i l i a r  with a  c e r t a i n  kind of sound by 

l i s t e n i n g  t o  t h e  English horn. 

The f i n a l  s e t  of d a t a  on cu tof f  f requencies  a p p l i e s  t o  t h e  fami ly  of bas- 

soons. This  i s  d isp layed  i n  F igure  8. 

I I MODIFIED HECKEL TYPE, MFG? (BENADE) 
- 2 ENGLISH BAROQUE, MILLHOUSE (WATERHOUSE) 

3 FRENCH, BUFFET (BENADE) 

4 GERMAN, HECKEL (7170) (WATERHOUSE) 

F i g .  3 



A s  be fo re ,  t h e  f a m i l i a r  ins t rument ,  an e x c e l l e n t  Heckel, is  shown by means 

of a heavy l i n e  (no. 4 ) .  We n o t i c e  t h a t  o v e r a l l  t h e  c u t o f f  f r equenc ie s  of 

a modern French bassoon l i e  d i s t i n c t l y  below those  of i t s  German counter-  

p a r t ,  bu t  n o t  a s  low a s  i t s  Baroque predecessor .  
Curve 1, which r e f e r s  t o  an instrument  of t h e  German t y p e  t h a t  I have 

modified somewhat, i l l u s t r a t e s  a very i n t e r e s t i n g  p o i n t .  Taken a t  f a c e  

va lue ,  we would expect t h i s  instrument  t o  have a somewhat b r i g h t e r  and 

more open sound than t h e  o t h e r  instruments--perhaps even t o  t h e  p o i n t  of 

musical unaccep tab i l i t y .  When t h e  modi f ica t ion  process  w a s  f i r s t  begun, 

t h e  tone co lo r  was indeed on t h e  b r i g h t  s i d e .  Once t h e  coopera t ing  

resonances of t h e  a i r  column had been worked i n t o  e x c e l l e n t  a l ignment ,  

however, t h e  response became smoother and t h e  sound l o s t  t h e  smal l  coughs 

and croaks t h a t  a r e  a f a m i l i a r  p a r t  of most bassoon sounds. People no 

longer  f e e l  t h a t  t h i s  instrument  i s  excess ive ly  b r i g h t .  It i s  i n  g e n e r a l  

important t o  no te  t h a t  whenever an instrument  i s  c a r e f u l l y  a l i gned ,  t h i s  

smoothing-out takes  p l ace  and t h e  l i s t e n e r  tends  t o  d e s c r i b e  t h e  sound a s  

becoming darker .  Thus we have an  a d d i t i o n a l  way ( t o  say  noth ing  of 

e f f e c t s  having t o  do wi th  reed and mouthpiece design) i n  which t h e  tone  of 

an instrument  may be darkened, i n  t h i s  ca se  without  modifying i t s  c u t o f f  

frequency. 

I wish t o  emphasize i n  c lo s ing  t h i s  p a r t  of t h e  l e c t u r e  t h a t  i n  a l l  c a ses  

t h e  ca r ry ing  power of an instrument  i s  increased  when i t s  coope ra t ive  

e f f e c t s  a r e  increased  t o  t h e  maximum ex ten t .  Once t h i s  has  been done, t h e  

car ry ing  power i s  e s s e n t i a l l y  independent of t h e  tone-color changes pro- 

duced by a l t e r i n g  t h e  va lue  of f c .  A harsh ,  b r i g h t  instrument  does n o t  

n e c e s s a r i l y  c a r r y  b e t t e r  than a dark-toned one. 

H. A glance a t  t he  f l u t e  
----p 

Toward t h e  beginning of Lecture I ( sec t ions  B and C) I was very c a v a l i e r  

i n  pass ing  over t he  f l u t e  wi th  a remark t h a t  i t s  o s c i l l a t i o n s  a r e  sus-  

t a ined  wi th  the  he lp  of a ve loc i ty-opera ted  flow c o n t r o l l e r  ( i n  c o n t r a s t  

t o  t he  pressure-operated c o n t r o l l e r s  of reed woodwinds and b ra s s  i n s t r u -  

ments). I a l s o  promised t h a t  e s s e n t i a l l y  every th ing  about f l u t e s  can be 



obta ined  by s imple modi f ica t ions  of t h e  i d e a s  t h a t  have a l r eady  been 

discussed.  Here a t  the  end of Lec ture  I1 is t h e  p l ace  where t h i s  promise 

should be made good. 

The easy way t o  begin th inking  about t h e  f l u t e ' s  flow c o n t r o l l e r  i s  t o  

fol low Helmholtz i n  c a l l i n g  i t  an a i r  reed  ( t h i s  name i s  much more cor- 

r e c t  than w a s  recognized f o r  about 95 years ! ) .  V i sua l i z ing  t h e  a c t i o n  

of an a i r  reed  begins wi th  a  t r i p  i n t o  t h e  garden. Suppose you a r e  water-  

i n g  t h e  f lowers  by means of a s t ream of water  from a  hose.  I f  t h e r e  i s  no 

wind, t h e  water  i s  p ro j ec t ed  d i r e c t l y  along t h e  d i r e c t i o n  of t he  nozz le .  

I f  t h e  wind blows t o  t h e  l e f t ,  t h e  s t ream of water  i s  d e f l e c t e d  t o  t h e  l e f G  

and i f  i t  blows t o  t h e  r i g h t ,  t h e  water  s t r i k e s  t h e  ground on a  s p o t  t h a t  

i s  on t h e  right-hand s i d e  of t h e  p l ace  where t h e  undis turbed  j e t  would 

a r r i v e .  It goes without  saying t h a t  t h e  s t r o n g e r  t h e  wind, t h e  more t h e  

water  j e t  i s  de f l ec t ed .  

Suppose we now rep lace  t h e  water  j e t  by a  j e t  of a i r  d i r e c t e d  by a  f l u t i s t  

ac ros s  t h e  open neck of a  b o t t l e  i n  such a  way t h a t  i t  produces a  hoot ing  

sound.' The a i r  i n  t h e  neck of t h e  b o t t l e  i s  so-to-speak bouncing up and 

down on t h e  e l a s t i c i t y  of t h e  a i r  contained w i t h i n  t h e  b o t t l e .  This  

bouncing of t h e  a i r  i n  t h e  neck i s  merely another  way of say ing  t h a t  t h e r e  

i s  an o s c i l l a t o r y  flow ( a  wind!) blowing i n  and out  of t h e  neck. This  

v e r t i c a l l y  moving o s c i l l a t o r y  wind a c t i n g  on t h e  p l a y e r ' s  h o r i z o n t a l  a i r  

j e t  d e f l e c t s  p a r t  of i t  a l t e r n a t e l y  i n t o  t h e  b o t t l e  and away from i t  i n t o  

t h e  room. Notice t h a t  t h e  p l a y e r ' s  d e f l e c t e d  ("steered")  a i r  j e t  always 

a c t s  t o  augment t h e  o s c i l l a t o r y  flow belonging t o  t h e  a i r  column. It i s  

t h i s  f a c t  t h a t  enables  t h e  tone t o  be  maintained. 

The tones of a  f l u t e  a r e  generated by t h e  d e f l e c t i o n  of t h e  flow from t h e  

p l aye r  i n  an  amount p ropor t iona l  t o  t h e  o s c i l l a t o r y  v e l o c i t y  of t h e  a i r  

blowing i n  and ou t  of t he  embouchure hole .  We can r e a d i l y  s e e  t h a t  cooper- 

a t i v e  e f f e c t s  between var ious  modes of air-column motion can s t a b i l i z e  and 



s t r eng then  t h e  o s c i l l a t i o n  process  i n  ways t h a t  are e x a c t l y  analogous t o  

those  found i n  t h e  reed woodwinds and t h e  b ra s ses .  The analogy can be  

extended somewhat f a r t h e r  when w e  l e a r n  t h a t  t h e  p l a y e r ' s  adjustments  t o  

t h e  angle  of approach, t h e  speed, and t h e  dimensions of h i s  a i r  j e t  have 

consequences t h a t  prove t o  be  c l o s e l y  s i m i l a r  t o  t h e  r e e d  p l a y e r s '  games 

wi th  reed p r o f i l e ,  mouthpiece f ac ing ,  and t h e  n a t u r a l  frequency of t h e  

reed.  

I have made a number of very rude remarks be fo re  about  my f e l low sc ien-  

t is ts ,  and unfor tuna te ly  I must make y e t  another .  There is  a very  

commonly observed and s c i e n t i f i c a l l y  i n t e r e s t i n g  phenomenon c a l l e d  t h e  

edge tone. Generat ions of s c i e n t i s t s  have t r i e d  t o  f o r c e  t h e  f l u t e ' s  

o s c i l l a t o r y  a c t i o n  i n t o  t h e  mold of t h e  edge tone.  This  i s  wrong, i n  

t h a t  t h e  p r e d i c t i o n s  of edge-tone theory  a r e  t o t a l l y  a t  va r i ance  w i t h  

t h e  d a i l y  exper ience  of every f l u t e  p layer .  For example, a t  normal blow- 

i n g  p re s su res  t h e  edge-tone f requencies  f o r  a f l u t e  a r e  some t e n  t o  

twenty t i m e s  h ighe r  than t h e  a c t u a l  p lay ing  f requencies !  It has  been h a l f  

a  century s i n c e  d e f i n i t i v e  experiments were c a r r i e d  ou t  t o  con f ron t  t h e  

b a s i c  edge-tone and a i r - r eed  mechanisms wi th  t h e  f a c t s  of  pipe-organ and 

f l u t e  tone product ion,  bu t  only i n  t h e  l a s t  h a l f  dozen y e a r s  has  any s o r t  

of c o r r e c t  theory  been developed f o r  t h e  f l u t e  family. 

Let us t ake  over  t h e  air-column c h a r a c t e r i z a t i o n  methods descr ibed  i n  

s e c t i o n  D of Lecture I and adapt  them t o  use fu lnes s  i n  t h e  s tudy  of f l u t e s .  

I da re  no t  i n v e s t  t h e  e x t r a  half-dozen pages t h a t  i t  would t ake  t o  do t h i s  

proper ly ,  bu t  perhaps we can g e t  enough of an  i d e a  of what goes on t h a t  we 

can u s e f u l l y  proceed. Look back a t  F igure  2 of Lec ture  I and n o t i c e  t h a t  

when water s l o s h e s  back and f o r t h  i n  a  duc t ,  t h e r e  a r e  p l a c e s  of maximum 

depth v a r i a t i o n  between which t h e r e  a r e  reg ions  where t h e  water  f lows back 

and f o r t h  v igorous ly  a s  i t  rushes t o  d e p l e t e  t h e  r eg ion  on one s i d e  s o  as 

t o  fill up on t h e  o the r .  F igure  3 i n  t h e  same l e c t u r e  l e d  us  t o  recognize  



that what eventually became a pressure-operated valve must be located at a 

point in the duct where the pressure variations are a maximum. I am sure 

that you recognize that some sort of velocity-sensitive valve could readily 

be devised for insertion into the water trumpet at a point of large hori- 

zontal flow to sustain its oscillation in a new way. 

With this informal preamble I hope you are willing to bridge a logical 

gap with me and simply accept the following assertions: 

(a) Just as we found that a pressure-operated flow controller works at the 

peaks of the air-column response curve, so also do we find that a velocity- 

operated controller (an air reed) works at the dips of the response 

curve. 

(b) Well-defined regimes of oscillation are set up with an air reed when 

the response dips are accurately aligned in harmonic sequence. Various 

good features result from this, exactly as in the cane reed and lip reed 

cases. 

(c) The effects of cutoff frequency on the tone color of flute-type wood- 

winds are very parallel to those observed for the reed woodwinds. 

Let us compare what happens when we replace the pressure-controlled reed 

and mouthpiece system of a clarinet by a suitably proportioned flute-type 

head joint. Referring to the upper part of Figure 4 of this lecture, let 

us imagine that the response peaks of that clarinetlike tube lie at 200, 

600, 1000, and 1400 Hz (i.e., in a 1, 3, 5, 7 ... sequence). We already 

know that, as a clarinet, it will play a 200-Hz low-register note dominated 

by peak 1, with help from peaks 2, 3, and 4. When sounding in the second 

register, peak 2 takes charge (taking help from the higher peaks) and gen- 

erates a tone whose frequency is 600 Hz, a musical twelfth above. All this 

is familiar--"The clarinet overblows a twelfth." Now put the flute head 

joint on, instead of the reed and mouthpiece. With this setup, the low 

register is dominated by dip 1 at 400 Hz (lying between peaks 1 and 2) with 

good help from the other dips located at 800 Hz (between peaks 2 and 3) and 



at 1200 Hz (between peaks 3 and 4). Thus the flute's low-register tone 

sounds an octave above that of a clarinet of the same size. To continue, 

the flute's second register is fed by dip 2 at 800 Hz and helped by a dip 

at 1600 Hz. Thus the flute's second register is running at double frequen- 

cy and so sounds an octave above its own low register--"The flute overblows 

an octave." 

Sound exam?le 6 on the record illustrates all of these ~henomena. The first 

part is there to simply remind you of the pitch, tone color, and overblow- 

ing behavior of my clarinet when played with its accustomed reed. The sec- 

ond part is very similar, using a flute-type head joint to replace the 

reed and mouthpiece. The third part is simply a silly little tune to con- 

vince you that my BP clarinet has been converted into a true flute simply 
by changing the type of flow controller at its top end. If you like, try 

to figure out why the pitch designation "E) soprano" is given to the flute 

incarnation of my instrument. 

In closing, I will glance at the question of adjusting flute-type instru- 

ments and briefly describe their cutoff frequency behavior. Systematic 

procedures are known for adjusting flutes of both conical and cylindrical 

types; I have not only carried these out for numerous preexisting instru- 

ments (both old and new) but have also used the procedures as an adjunct 

to the design and construction of my own instruments. While I have made 

several excellent Baroque instruments, one that I am most proud of from 

a scientific point of view is a Boehm-system conical flute whose tone-hole 

cutoff frequency is chosen to match the normal Baroque value. Aside from 

its unfamiliar appearance, it is perfectly acceptable in an early-music 

ensemble, having tone color, response, and dynamic behavior that match its 

conventional ancestors. To the extent that mechanical couplings permit, it 

even has preserved many of the older fingerings, which are available for 

use whenever needed. 



LECTURE 111. INSTRUMENT SOUND IN A ROOM 

At the beginning of Lecture I, I made a very strong point (which was 

developed throughout that lecture and the next one) that musical instru- 

ments produce exceedingly well-defined and stable sounds. I also was at 

some pains to point out that the path from instrument to ear in a room is 

a tortuous one, and I ended up with the inconsistent-seeming claim that the 

perception of musical sound is nevertheless well defined and stable. Evi- 

dence in support of this last claim has already begun to appear in sections 

E, F, and G of Lecture 11, which are devoted to the musical implications of 

the tone-hole cutoff frequency in woodwinds. The present lecture will 

start by presenting several views of the magnitude of the time, space, and 

frequency irregularities in the point-to-point transmission of sound in a 

room, with musical examples given whenever possible. The next part will 

illustrate the means whereby the auditory system extracts precise and de- 

pendable information from the signals that come to it. Finally, I will 

present numerous anecdotal illustrations of the ways in which these means 

can influence the performance and recording of music. 

A. Steady-state transmission in a room 

To reemphasize the principal property of room transmission, let me encapsu- 

late it as a clearly displayed Bssertion: 

SOUND TRANSMISSION IN A ROOM IS EXTREMELY IRREGULAR! 

Let us once again turn our attention to the prototype sound transmission 

experiment that is sketched in the upper part of Figure 4 of Lecture I. In 

this experiment, a loudspeaker source is placed at one point in a room and 

a microphone is located at another point. Starting at a low frequency, a 

sinusoidal signal of constant strength and slowly rising frequency is 



emitted by the source and a graph is plotted of the strength of the signal 

measured at the microphone. This is the sort of setup that was used in 

my laboratory to produce the extremely irregular room-transmission curves 

shown in the two parts of Figure 1: 

Fia. l 



Notice t h a t  t h e  loca t ions  of  t h e  peaks and d i p s  of response  a r e  q u i t e  d i f -  

f e r e n t  i n  t h e  two graphs. The only d i f f e r e n c e  between t h e  exper imenta l  

condi t ions  f o r  t h e  two i s  t h a t  t h e  microphone p o s i t i o n  d i f f e r e d  somewhat. 

Already w e  see evidence of g r e a t  tu rmoi l  i n  t h e  s i g n a l  pa th .  A s  t h e  f r e -  

quency of a s i g n a l  i s  v a r i e d ,  t h e  t ransmiss ion  between two p o i n t s  f l u c t u -  

ates a t  random a s  much a s  t h i r t y f o l d !  Furthermore, i f  w e  move e i t h e r  t h e  

source of t h e  microphone, t h e  p a t t e r n  of i r r e g u l a r i t y  i s  completely a l t e r e d  

Not only t h a t ,  i f  anyone moves i n  t h e  room, very cons ide rab le  f l u c t u a t i o n s  

a r e  produced i n  t h e  t ransmiss ion  even i f  t h e  source  and microphone pos i -  

t i o n s  remain f i x e d  and t h e  e x c i t a t i o n  frequency i s  l e f t  unchaiged. 

To he lp  us  a p p r e c i a t e  what t h i s  seems t o  imply f o r  t h e  t r ansmis s ion  of a 

musical sound, imagine f o r  t h e  moment t h a t  our  source  i s  e m i t t i n g  a sound 

whose components are a l l  of equal  amplitude, having f r equenc ie s  of 400, 50Q 

600, and 700 Hz. You can s e e  from t h e  upper p i c t u r e  t h a t  t h e  r ece ived  s ig -  

n a l  a t  microphone p o s i t i o n  1 has components whose s t r e n g t h s  a r e  18, 8 ,  16 ,  

and 36 u n i t s .  S imi l a r ly ,  a t  microphone p o s i t i o n  2 ,  t h e  lower p i c t u r e  shows 

t h e  observed s t r e n g t h s  t o  be 7, 26, 16,  and 31 u n i t s .  No one would be a b l e  

from such d a t a  a lone  t o  deduce t h e  t r u e  na tu re  of t h e  source .  

Suppose, however, t h a t  we could a f f o r d  t o  have 50 o r  100 microphones jud i -  

c ious ly  s c a t t e r e d  about t h e  room, and t h a t  we had obta ined  t h e  t ransmiss ion  

response curves f o r  each one of t hese  sepa ra t e ly .  Would we g e t  any a p p r o x s  

mation t o  t h e  t r u e  na tu re  of t h e  source  by averaging a l l  of t h e  v a r i o u s  

curves? The answer is  yes ,  i f  we c o l l e c t  enough da t a .  For i n s t a n c e ,  we 

would need about 100 microphones i f  we wish t o  b e  95 pe rcen t  conf ident  t h a t  

t h e  average l ies wi th in  a few percent  of t h e  t r u t h !  For t h e  p a r t i c u l a r  

source used i n  my room, t h e  r e s u l t s  of such an e l a b o r a t e  averaging  proce- 

dure would be t h e  s loping  dashed l i n e  t h a t  runs a c r o s s  t h e  middle of each 

graph. I must confess  t h a t  I had a d i r e c t  way t o  f i n d  o u t  t h i s  f a c t ,  and 

d id  not  need t o  a c t u a l l y  c a r r y  out  a very  monotonous experiment! 



B. Radiation to room from bell or tone holes 

What we learn as we look further into how the brass-instrument bell and 

the woodwind tone-hole systems send their sounds into the room will give 

us even more reason to appreciate the need for careful averaging of room 

data. To begin, then, I will tell you that at low frequencies a trumpet 

bell sends its sounds out equally in all directions. The higher-frequency 

components of its tone tend to project somewhat more in the forward direc- 

tion. Once we are above the bell's cutoff frequency (which we learned 

about in section D of Lecture 11) the various components of the emitted 

sound are transmitted almost entirely in the forward direction. All this 

means that if we listen to a trumpet player outdoors (or in an absolutely 

echo-free room), standing behind him gives us an impression that lacks the 

high-frequency components of his tone; if we stand directly in front, the 

brassy blare that we hear is almost uncomfortably over-supplied with the 

higher components; listening from the side gives us a different but still 

unsatisfactory "view" of the sound. Put this another way: a tape record- 

ing made with the microphone in any one of these places will give a most 

unsatisfactory and implausible-sounding representation of the music and its 

player (remember, this is all being done in an echo-free environment!). 

We can usefully extend our understanding of directional effects from a bell 

as they take place in a room by considering a certain experiment that we 

carried out two years ago. The origin of the experiment was my desire to 

find a simple way to circumvent the need for extensive room averaging when 

one desires to measure the sound output of a trumpet bell. The idea was to 

place a microphone directly outside of and very close to the bell so that, 

in a manner of speaking, all the sound would have to pass the microphone 

before it spread in complicated ways throughout the room. However, I 

expected at least some residue of the directional effects to remain, so 
that measurements were planned that would provide once and for all, a 
I l calibration curve" relating what the bell microphone "heard" to what one 



obtains with a properly averaged set of microphones distributed throughout 

the room. The apparatus was set up as follows. A trumpet bell was used to 

replace the normal horn of a public-address system loudspeaker, which in 

turn was driven by the same electronic oscillator-amplifier apparatus that 

was used in the room-excitation experiments discussed earlier. One micro- 

phone was placed in the bell and a number of other ones were distributed 

about the room. In order to simplify the analysis of the data, the bell 

microphone was connected to an.automatic circuit that would feed the loud- 

speaker with exactly the right amount of power that would maintain the sig- 

nal constant at the bell microphone. This arrangement got rid of the com- 

plications of sound transmission through the bell itself. If now the bell 

microphone were a true measure of the sound in the room, the room micro- 

phones would produce a constant average-value signal as the frequency was 

varied from low to high. Similarly, any trend upward or downward in the 

frequency behavior of the room microphone data would be interpretable in 

terms of the angular distribution of sound from the bell. Figure.2 shows 

the result of this experiment. 



Ignore the dotted curve, which has to do with an auxiliary test experiment, 

and pay attention to what goes on above 300 Hz, where the automatic control 

mechanism took hold firmly. Each of the wiggly curves shows the fluctuat- 

ing signal received at one of the room microphone positions. The wiggli- 

ness of these curves is somewhat less than those of Figure 1 because the 

recording technique permitted me to "average out" the fluctuations to some 

degree by walking around the room during the slow sweep across the frequen- 

cy range. Nevertheless, the variability of the data presented by each 

curve is sufficient to make clear the need for averaging several such 

traces. The sloping solid line drawn through the data shows such an aver- 

age. The nature of this gently sloping line can be analyzed to show that 

the bell microphone does a pretty good job as a replacement for the room- 

averaging procedure, except that it tends to smoothly and continuously 

overestimate the strengths of the higher-frequency components. 

A closely related experiment was carried out at the same time using a pipe 

provided with a row of tone holes as a replacement for the trumpet bell. 

The controlling microphone was placed this time immediately outside the 

tone hole closest to the driver. Figure 3 shows the data from this experi- 

ment. 

FREQUENCY (Hz )  
F i g .  3 



We w i l l  n o t  t a k e  time t o  ana lyze  t h e  extremely complicated way i n  which 

t h e  sound d i s t r i b u t e s  i t s e l f  i n  t h e  immediate neighborhood of t h e  t o n e  

holes .  However, we w i l l  t ake  n o t i c e  of t h e  abrupt  jog i n  a l l  of t h e  

t r a c e s .  This  i s  one more evidence of t h e  exceedingly powerful  i n f l u e n c e  

t h a t  t h e  tone-hole cu tof f  frequency has  on every th ing  t h a t  has  t o  do w i t h  

woodwind sounds. Furthermore, t h e  p o s s i b i l i t y  of us ing  a  microphone n e a r  

t h e  h ighes t  open tone ho le  as a way t o  avoid doing a  room average  may be  

shown t o  be a  r i s k y  procedure, one t h a t  i s  only s u i t a b l e  f o r  a  very  l i m i t e d  

s e t  of purposes.  - 

C. A workable method f o r  g e t t i n g  room-averaged s p e c t r a  

Here i s  a  r e c e n t l y  developed way of making an a c c u r a t e  de te rmina t ion  of 

t h e  room-averaged spectrum of an  a c t u a l  musical ins t rument .  To begin wi th ,  

t h e  p l aye r  is  asked t o  p lay  an a l t e r n a t i n g  p a i r  of n o t e s ,  which has t h e  

e f f e c t  of t u rn ing  each one on and o f f .  This assignment,  n o t  t r i v i a l l y  

chosen, g ives  t h e  p layer  something easy and f a m i l i a r  t o  do, which p reven t s  

him from t r a i l i n g  o f f ,  a s  he might w i t h  a  sus t a ined  tone .  Both t h e  p l a y e r  

and the  c a r r i e r s  of two o r  more microphones ( a t t ached  t o  a  t a p e  r eco rde r )  

move slowly around i n  t h e  room a s  they record.  This  moving around has  sev- 

e r a l  func t ions  i n  t h e  measurement. F i r s t  of a l l ,  t h e  microphones a r e  

presented success ive ly  wi th  d a t a  from a l a r g e  number of independent t r ans -  

mission pa ths .  Secondly, t h e  e f f e c t  of t h e  moving bodies  of t h e  p l a y e r  

and t h e  microphone-bearers can be shown t o  have a s i g n i f i c a n t  a c t i o n  of 

making the  de t ec t ed  s i g n a l  more random ( i n  a  room of any s i z e ,  f o r  i n s t r u -  

ments p lay ing  no lower than  a  c l a r i n e t ) .  This s i g n i f i c a n t l y  he lps  t o  
I! st ir  t h e  s t a t i s t i c a l  po t , "  whose f l u c t u a t i o n s  we a r e  t r y i n g  t o  e l imina te .  

I n  a  room average based on t h i s  type  of d a t a ,  t h e  temporal response of t h e  

room t o  t h e  tu rn ing  on and t u r n i n g  o f f  of t h e  s i g n a l  of i n t e r e s t  f u r t h e r  

b e n e f i t s  t h e  accuracy of t h e  measurements. 

When a l l  t he se  th ings  a r e  taken i n t o  account,  one f i n d s  t h a t  a  c l a r i n e t i s t  

p lay ing  half-second no te s  i n  a l t e r n a t i o n  f o r  t h e  35-seconds a l u n g f u l  of 



air will provide his statistical analyzer with more than 75 pieces of good 

data even when only two of his friends are wandering about the room gently 

waving their microphones. The accuracy obtainable in the analyzed results 

from such data turn out to be barely adequate for detecting differences 

between individual instruments of the same type, but they are still unable 

to uncover finer details that the concertgoer's ear has no difficulty in 

detecting in an instant! Anyhow, we have met here a laboratory method for 

getting something well defined about the sound of a musical instrument, and 

we have also learned why it is by no means an easy matter to do so even 

when recent advances in the theory of room statistics are brought into use. 

Let me belabor the room's transmission-irregularity problem one more time 

before we go on to our next topic. Every textbook on human speech has 

beautiful diagrams showing the spectral patterns of each vowel and conson- 

ant. The nature of these patterns is very stable and repeatable, and they 

reflect not only the type of sound that is being produced but also the 

speaker's regional pronunciation. The data upon which these diagrams are 

based are collected by using a microphone a few centimeters in front of the 

speaker's mouth, and it is easy to show that the listener has no difficulty 

in detecting the smallest changes in these patterns. Send these spoken 
sounds out to travel across a lecture hall--as I am doing in front of you 

now--and the room will certainly supply your individual ears with an enor- 

mous variety of sound recipes. Despite this, you understand my words and 

recognize my American accent. Perhaps some of you here can even deduce 

what part of the country gave me my accent and what were linguistic influ- 

ences acting on it since childhood. We all know this can be done, but 

how? 

D. The multiple reflection picture of sound in a room 

As a first step to unraveling the mystery of how we hear so well in the 

face of the great irregularities of sound transmission in a room, we 

should consider an entirely different way of thinking about sound in the 



room. Up till now we have been th inking  about t h e  cumulat ive e f f e c t s  of 

responses of  l i t e r a l l y  thousands of s l o s h i n g  modes of t h e  room, each one 

be ing  e x c i t e d  t o  an  amount determined by t h e  p o s i t i o n  of t h e  source  and 

each de t ec t ed  con t r ibu t ion  a t  t h e  microphone determined by i t s  p o s i t i o n  

r e l a t i v e  t o  t h e  p re s su re  nodes and an t inodes  of t h e  mode i n  ques t ion .  The 

o t h e r  viewpoint (which i s  t e c h n i c a l l y  equ iva l en t  t o  t h e  f i r s t  one i n  abso- 

l u t e l y  every r e s p e c t )  cons iders  t h e  behavior  of t h e  room a s  a m u l t i p l i c i t y  

of echoes t h a t  bounce t h e  sound around t h e  room when t h e  source  i s  turned  

on. A s  i s  t r u e  between many p a i r s  of languages, one can say  eve ry th ing  i n  

each, b u t  c e r t a i n  i d e a s  can be expressed more c l e a r l y  i n  one than  i n  t h e  

o the r .  

Suppose t h e  source  i s  ab rup t ly  turned on a t  a c e r t a i n  i n s t a n t ,  and we f o l -  

low t h e  development of t h e  sound a t  t h e  microphone. The f i r s t  i n t i m a t i o n  

t h a t  t h e  source  has begun t o  emit sound comes t o  t h e  microphone v i a  t h e  

d i r e c t  p a t h  from source  t o  de t ec to r .  The time f o r  t h e  t r a v e r s a l  depends of 

course on t h e  speed of sound and t h e  d i s t a n c e  t r a v e l e d .  The next  a r r i v a l  

is  a r e f l e c t e d  sound which has  t r a v e l e d  from t h e  sou rce  t o  t h e  n e a r e s t  w a l l  

and thence t o  t h e  microphone. This c o n t r i b u t i o n  i s  weaker than  t h e  f i r s t ,  

i n  p a r t  because i t  has t r ave l ed  f a r t h e r  and i n  p a r t  because of an  absorp t ion  

t ak ing  p l a c e  during t h e  r e f l e c t i o n  i t s e l f .  Notice t h a t  because t h e  second 

a r r i v a l  has  t r a v e l e d  f a r t h e r  than  t h e  f i r s t  one, i t s  i n d i v i d u a l  o s c i l l a -  

t i o n s  a r e  not i n  s t e p  wi th  those  of t h e  f i r s t  s i g n a l .  Furthermore, t h e  

out-of-stepness depends on t h e  random d i f f e r e n c e s  of t r a v e l  t ime a s  t h i s  

time r e l a t e s  t o  t he  time of each cyc le  of t h e  o s c i l l a t i o n .  Depending on 

t h e  acc iden t s  of d i s t ances  between source ,  microphone, and w a l l ,  t h e  sec- 

ond a r r i v a l  may add t o  t he  f i r s t  by a r r i v i n g  e x a c t l y  i n  s t e p  w i t h  i t ;  i t  

may j u s t  a s  w e l l  tend t o  cance l  i t  by a r r i v i n g  so  t h a t  i t  i s  h a l f  a cyc l e  

o u t  of s t e p ;  o r  any in te rmedia te  behavior  between s imple  a d d i t i o n  and sub- 

t r a c t i o n  i s  equa l ly  l i k e l y  t o  occur .  

We r e a l i z e  t h a t  t h e  r e f l e c t i o n s  from t h e  remaining t h r e e  w a l l s ,  t h e  f l o o r ,  



and t h e  c e i l i n g  a r e  a l l  going t o  provide t h e i r  own s o r t  o f  random arithme- 

t i c  of t h e  same s o r t ,  a s  w i l l  a l l  t h e  succeeding mul t ip ly  r e f l e c t e d  sounds. 

This means t h a t  t h e  a c t u a l  bui ldup of sound a t  t h e  p o i n t  of obse rva t ion  i s  

of a  completely i r r e g u l a r  and random na tu re ,  both i n  t h e  p a t t e r n  of growth 

and i n  t h e  f i n a l  va lue  of t h e  accumulated s i g n a l  (which is  of course  what 

we s tud ied  i n  s e c t i o n  A of t h i s  l e c t u r e ) .  When t h e  source  is s h u t  o f f ,  an  

exac t ly  s i m i l a r  process  "unwinds" t h e  sound a t  t h e  microphone, a s  t h e  multir 

p ly  r e f l e c t e d  and so  delayed sounds cease making t h e i r  c o n t r i b u t i o n s  one by 

one. 

The time during which t h e  bui ldup o r  decay t a k e s  p l ace  i s  known convention- 

a l l y  a s  t h e  r eve rbe ra t ion  time. Textbook d i scuss ions  of t h e  r e v e r b e r a t i o n  

phenomenon tend t o  draw smooth growth-and-decay curves,  b u t  you w i l l  

r e a d i l y  understand t h a t  t hese  r ep re sen t  merely t h e  average growth and 

decay p a t t e r n  obta ined  by combining observa t ions  from many p o i n t s  i n  t h e  

room o r  from experiments us ing  many d i f f e r e n t  c l o s e l y  spaced e x c i t a t i o n  

f requencies .  

E. The paradox posed e x p l i c i t l y  

You w i l l  recognize t h a t  I have managed once aga in  t o  demonstrate t h e  random 

behavior of sound i n  t h e  room! This  t i m e  w e  l e a r n  t h a t  n o t  only does t h e  

s teady  sound have f l u c t u a t i o n s  from po in t  t o  p o i n t ,  bu t  a l s o  t h a t  each 

component of t h e  sound from an  instrument  a r r i v e s  a t  t h e  l i s t e n e r ' s  e a r  

(over a  per iod  of about one o r  two seconds i n  most concer t  h a l l s )  i n  a n  

almost e n t i r e l y  chao t i c  fash ion .  It looks l i k e  I have s u c c e s s f u l l y  proved 

t h a t  i t  i s  impossible  t o  recognize ins t rumenta l  tone  c o l o r s  o r  spoken 

vowels i n  a  room. I seem a l s o  t o  have proved t h a t  t h e  a r r i v a l  h a b i t s  of 

t he  sound a r e  so  messy t h a t  a l l  d e t a i l s  of a r t i c u l a t i o n  and of rhythm a r e  

obscured i f  they cover a  time span of a t  l e a s t  a second. We a r e  face-to- 

f a c e  he re  wi th  t h e  f a c t  t h a t ,  on t h e  one hand, phys i ca l  s c i ence  h e l p s  us  t o  

understand how sound comes t o  d i s t r i b u t e  i t s e l f  c h a o t i c a l l y  i n  a  room and, 

on t h e  o the r  hand, t h e  most cursory experience of l f s t e n i n g  t o  music i n  



rooms shows unambiguously t h a t  wi th  p r a c t i c e  we pe rce ive  i t s  f i n e s t  

d e t a i l s  w i t h  speed and p rec i s ion .  The p s y c h o a c o u s t i c i ~ n  i s  t h e  one who has 

t o  concern himself  (a long wi th  us!) w i th  t h e  ques t ion  of how t h e  human ner-  

vous system manages t o  i n s t a n t l y  deduce p r o p e r t i e s  of t h e  musica l  sou rce  

from t h e  aud i to ry  s i g n a l s  t h a t  i t  r e c e i v e s ,  s i g n a l s  t h a t  t a k e  hours  t o  d i s -  

en tangle  i f  we go a t  i t  by t h e  customary methods of p h y s i c i s t s  and 

engineers .  

F. The precedence e f f e c t  and i t s  g e n e r a l i z a t i o n  

We have come a t  last  t o  where it  i s  p o s s i b l e  t o  o u t l i n e  t h e  means whereby 

our  aud i to ry  system e x p l o i t s  t h e  sound s i g n a l s  which come t o  i t .  About 

twenty-five yea r s  ago, c a r e f u l  s tudy  e s t a b l i s h e d  t h e  g e n e r a l  n a t u r e  of a 

phenomenon (which was i n  f a c t  f i r s t  no t i ced  a  century  e a r l i e r )  t h a t  i s  

known a s  t h e  precedence e f f e c t .  This  aud i to ry  phenomenon has  cons ide rab le  

usefu lness  i n  many p r a c t i c a l  s i t u a t i o n s  where an  engineer  des igns  a  loud- 

speaker  system f o r  a l e c t u r e  h a l l  o r  concer t  h a l l .  I w i l l  n o t  con f ine  my 

d i scuss ion  t o  t h e  customary d e s c r i p t i o n  of t h i s  e f f e c t  i n  i t s  simple form, 

b u t  w i l l  r a t h e r  set f o r t h  a  gene ra l i zed  ve r s ion  expressed i n  terms most 

gene ra l ly  app l i cab le  t o  our  p re sen t  purposes.  

IF  TWO OR MORE REASONABLY SIMILAR SOUNDS COME TO THE EARS SPACED NO MORE 

THAN ABOUT 35 MILLISECONDS APART, THEY ARE PERCEIVED AS A SINGLE ENTITY. 

(1) Each a r r i v i n g  sound adds t o  t h e  l i s t e n e r ' s  t o t a l  "p ic ture"  of  t h e  

composite sound. 

(2) The p o s i t i o n  of t h e  apparent  source  is t h a t  of t h e  f i r s t  arr ival--every-  

t h ing  i s  a t t r i b u t e d  t o  i t .  

Another way t o  look a t  t h i s  phenomenon r e l a t e s  d i r e c t l y  t o  t h e  f a c t  t h a t  

t h e  f i r s t  dozen o r  so  r e f l e c t i o n s  i n  a  room o r  concer t  h a l l  a r r i v e  a t  t h e  

l i s t e n e r ' s  e a r  i n  a  sequence t h a t  ( i n  a  proper ly  designed h a l l s )  spaces  

them out  no more than  35 o r  40 mi l l i seconds  a p a r t .  We may metaphor ica l ly  

say  t h a t  our  e a r s  " th ink  about" and "understand" t h e  informat ion  brought t o  



them by t h e s e  e a r l y  echoes i n  t h e  fol lowing way: 

PRELIMINARY IDEA (perhaps incomplete) 

----- PARTIAL CONFIRMATION (p lus  e l a b o r a t i o n )  

RECONFIRMATION ( f u r t h e r  e l a b o r a t i o n )  

CONFIDENCE ( d e t a i l e d  view) 

I n  any room, r e f l e c t i o n  phys ics  shows us t h a t  t h e  succes s ive  r e f l e c t i o n s  

from a  source come i n  f a i r l y  slowly a t  f i r s t ,  and then  a r r i v e  a t  an  ever- 

i nc reas ing  r a t e  a s  they become p rog res s ive ly  weaker. Let us t r y  a s imple  

experiment t o  he lp  us  understand a  l i t t l e  more about t h e  way our  e a r s  func- 

t i o n  i n  a  room. I f  I c l ap  my hands toge the r  sha rp ly  as I s t and  i n  f r o n t  of 

you i n  t h i s  l e c t u r e  h a l l ,  most of you w i l l  hear  a  s i n g l e  s l a p  followed 

almost immediately by a  h i s s i n g  sound t h a t  d i e s  away quick ly .  F igu re  4 

w i l l  he lp  us  t o  s e e  what i s  going on. 
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This  f i g u r e  shows along a t ime s c a l e  t h e  t i m e s  of a r r i v a l  of t h e  v a r i o u s  

r e f l e c t e d  impulses a s  w e l l  as of t h e  i n i t i a l  s l a p  t h a t  is  d i r e c t l y  t r a n s -  * 
mi t t ed  from my hand t o  your e a r s .  The gene ra l i zed  precedence e f f e c t  h e l p s  

u s  t o  recognize  t h a t  t h e  f i r s t  few r e f l e c t i o n s  a r e  neu ro log ica l ly  melted 
i n t o  t h e  s i n g l e  c l e a r  "crack" t h a t  we hea r  a t  t h e  beginning. The s l i g h t  

pause is then  ( a t  least i n  p a r t )  due t o  t h e  f a c t  t h a t  a l l  of t h e  informa- 

t i o n  c o l l e c t e d  dur ing  t h e  whole du ra t ion  of t h e  e a r l y  r e f l e c t i o n  a r r i v a l  

i s  compiled i n t o  an event  whose pe rce ived  time of occurrence i s  a t  t h e  

beginning of t h i s  i n t e r v a l !  The h i s s i n g  sound which w e  t hen  hear  dying 

away i s  simply our  e a r s '  way of organiz ing  t h e  r a p i d l y  a r r i v i n g  l a t e r  

r e f l e c t i o n s ,  which come too  c l o s e  toge the r  f o r  them t o  be  s o r t e d  o u t  i n t o  

anything more d e t a i l e d  than a decaying "smear" of sound. We should u s e  

our  l i t t l e  experiment a s  providing y e t  another  oppor tuni ty  t o  e l a b o r a t e  

o r  r e s t a t e  t h e  summarizing s ta tements  about  how w e  hea r  i n  a room: 

(1) Early impulses spaced 10  t o  40 mi l l i s econds  a p a r t  a r e  heard toge the r  

as a s i n g l e  c l e a r  and s t rong  impulse whose time of occurence i s  a s s o c i a t e d  

wi th  t h e  t ime when t h e  d i r e c t  sound a r r i v e s .  

(2 )  There may be a s l i g h t  pause l a s t i n g  f o r  a t  l e a s t  t h e  l eng th  of t ime 

during which these  e a r l y  r e f l e c t i o n s  have a c t u a l l y  been coming i n .  

( 3 )  The r eve rbe ran t  smear a t  l a t e r  t imes g ives  a background t o  any l a t e r  

sounds. I T  DOES NOT IMPROVE RECOGNITION OF THE IMPULSE. 

I should say t h a t  i tems (1) and ( 2 )  above have hard ly  been s t u d i e d  i n  a way 

t h a t  d i r e c t l y  explores  t h e i r  imp l i ca t ions ,  d e s p i t e  t h e i r  enormous impor- 

tance f o r  musical l i s t e n i n g .  I tem ( 3 ) ,  on t h e  o t h e r  hand, has ,  i n  my 

opinion,  been given f a r  too much importance i n  t h e  des ign  of music rooms. 

Perhaps i t  has  received s o  much a t t e n t i o n  because of i t s  r ecogn i t i on  e a r l y  

i n  t h e  development of a c o u s t i c s ,  and because phys ics  type  of experiments 

concerning i t  a r e  r e l a t i v e l y  easy t o  do ( t h e  r e l a t e d  psychoacoust ic  exper i -  

ments have been given s e r i o u s  a t t e n t i o n  only i n  r e c e n t  y e a r s ) .  



G. Impl ica t ions  f o r  t h e  concer t  h a l l  

I would suggest  t h a t  t h e  p r a c t i c a l  imp l i ca t ions  of t h e  gene ra l i zed  pre- 

cedence e f f e c t  f o r  t h e  design of concer t  h a l l s  might be  t h e  fol lowing:  

(1) Make s u r e  t h a t  an  adequate s e t  of d i r e c t  sounds p l u s  e a r l y  r e f l e c t i o n s  

a r e  t r ansmi t t ed  from one p layer  t o  another  on s t a g e ,  t o  ensure  con f iden t  
and accu ra t e  ensemble p lay ing  by t h e  musicians.  The conductor cannot 

tune t h e  p l a y e r s  t o  one another  o r  do more than  l a y  down gene ra l  p o l i c y  

during a  performance on ques t ions  of rhythmic synchroniza t ion  and dynamic 

balance.  Without good communication on s t a g e ,  no concer t  can be w e l l  

played, and s o  no audience w i l l  be p leased .  

( 2 )  Make s u r e  t h a t  d i r e c t  sound and an  adequate  supply of e a r l y  r e f l e c -  

t i o n s  a r e  t r ansmi t t ed  from a l l  p a r t s  of t h e  s t a g e  t o  a l l  p a r t s  of t h e  con- 

c e r t  h a l l .  Without good communication between p l a y e r s  and audience,  t h e  

l i s t e n e r s  do n o t  g e t  a  s u f f i c i e n t l y  c l e a r  i d e a  of what i s  t ak ing  p l a c e  on 

s t a g e  t h a t  they can apprec i a t e  it. 

( 3 )  Provide a  s u i t a b l e  amount of reverberant  sound f o r  a l l  p a r t i c i p a n t s  

of t h e  occasion,  s i n c e  t h i s  forms p a r t  of t h e  ambiance t h a t  b u i l d s  up 

during the  performance. 

Musicians a r e  w e l l  aware of t h e  need f o r  i t e m  (1) of my l ist ,  b u t  t h e  

a t t e n t i o n  of a r c h i t e c t s  and t h e i r  a c o u s t i c a l  c o n s u l t a n t s  ( a s  people who 

themselves tend t o  experience music only  as p a s s i v e  consumers) has  been 

focused almost e n t i r e l y  on i tems (2)  and ( 3 ) .  I n  t h e s e  ma t t e r s  many of 

them have b u i l t  up a  t r u l y  impressive s k i l l .  

TWO o r  t h r e e  yea r s  ago I was asked by musician f r i e n d s  a t  a  c e r t a i n  

American school  of music t o  consu l t  w i th  them about t h e i r  new and expensive 

concert  h a l l .  This  h a l l ,  though designed by one of our  l ead ing  acous t i -  

c i ans ,  had proved d i s a s t r o u s  from t h e  p o i n t  of  view of t h e  s tuden t  musi- 

c i ans  who at tempted t o  p lay  on i t s  s t a g e ,  and a l s o  from t h e  p o i n t  of view 

of those  who wished t o  teach  them t h e  s k i l l s  of ensemble playing.  I 

a t tended  a  r e h e a r s a l  and was s t r u c k  by t h e  sound of t h e  o r c h e s t r a ,  which 



w a s  c h a o t i c  except  when t h e  trumpet o r  tympany would produce a loud and 

sharp ly  marked p a t t e r n  of p i t c h  and rhythm. For one bf two seconds follow- 

i n g  such a c t i v i t y ,  t h e  s t u d e n t s  (who were r e a l l y  very t a l e n t e d )  would p u l l  

themselves t oge the r ,  and one could even s e e  t h e  c r i s p ,  c l e a n  way i n  which 

each began t o  p l ay , a s  w e l l  a s  hear  t h e  proper ly  organized p a t t e r n s  of 

sound. F igure  5 shows t h e  l ayou t  of t h i s  h a l l  a long w i t h  some l i n e s  of 

r e f l e c t e d  sound t o  show how e x p e r t l y  i t s  des igner  had provided  f o r  proper  

d i s t r i b u t i o n  of t h e  sound from t h e  s t a g e  t o  t h e  main p a r t  of t h e  h a l l .  

STAGE - TO-AUD1ENCE:EXCELLENT 
ONSTAGE: ALMOST IMPOSSIBLE 

F i g .  5 



A formal t e s t  of t h e  success  of t h i s  p a r t  of h a l l  des ign  i s  t h e  so -ca l l ed  

a r t i c u l a t i o n  t e s t .  I n  essence  t h i s  t e s t  involves  someone on s t a g e  who 

reads  a l i s t  of c a r e f u l l y  chosen words. L i s t ene r s  p laced  throughout t h e  

h a l l  then  w r i t e  down t h e  words they recognize,  and t h e  percentage  of  cor-  

r e c t  words a t  any p l ace  i n  t h e  h a l l  i s  a measure of t h e  c l a r i t y  of t r a n s -  

mission t o  t h a t  po in t .  An a r t i c u l a t i o n  index of 75 percent  o r  b e t t e r  else- 

where i n  a concer t  h a l l  i s  considered p e r f e c t l y  acceptab le .  I n  ou r  h a l l  

i t  was above 90 percent--a t r u l y  remarkable achievement. Never the less ,  

t h i s  h a l l  was a d i s a s t e r ,  t h e  reason being c l e a r l y  shown when we t r i e d  t o  

draw l i n e s  t o  i n d i c a t e  r e f l e c t i o n  pa ths  between p o i n t s  on s t a g e .  There 

were almost none a t  a l l !  

Let us c o n t r a s t  t h i s  unsuccessful  (and n e c e s s a r i l y  anonymous) h a l l  w i t h  a n  

extremely succes s fu l  one, which w i l l  l e t  us s e e  some of t h e  ways i n  which 

good communication can be achieved on s t a g e  without  de t r iment  t o  t h e  

l i s t e n e r s  i n  t h e  h a l l .  F igure  6 shows t h e  h a l l  i n  Troy, New York. Here 

F i g .  6 



my f r i e n d s  i n  t h e  Cleveland Orches t ra  t e l l  me they r e a l l y  enjoy p lay ing .  

The p l easu re  i s  enough t h a t  some of them have been knewn t o  r ea r r ange  t h e i r  

f r e e  n i g h t s  on t o u r  f o r  t h e  p r i v i l e g e  of p l ay ing  t h e r e .  Notice how t h e  

shal low s t a g e ,  w i th  i t s  re-entrances,  columns, and s l i g h t l y  p r o j e c t i n g  

r e f l e c t o r  overhead a s su re s  a wide v a r i e t y  of r e f l e c t i o n s  f o r  t h e  p l a y e r s .  

I w i l l  c l o s e  t h i s  d i scuss ion  of t h e  imp l i ca t ions  of ou r  hea r ing  mechanisms 

f o r  t h e  des ign  of concert  s t a g e s  w i th  t h e  showing of a drawing of a new 

h a l l  i n  Denver, Colorado (Figure 7 ) :  

F i g .  7, 

This  h a l l  is  a n  example of t h e  c u r r e n t l y  f a sh ionab le  theatre-in-the-round 

type  of des ign  t h a t  has  t e r r i b l e  consequences f o r  t h e  musicians on s t a g e .  

It has a l s o  very few advantages f o r  a s e r i o u s  l i s t e n e r .  The l a t e  George 

S z e l l  had very b i t t e r  t h ings  t o  say  about any a t tempt  t o  perform music i n  

p l aces  l i k e  t h i s ,  and I have myself heard noth ing  b u t  complaints  from 

musicians w i th  personal  experience i n  them. 



H. Recording and the "personalityrlof a wind tnstrument 

While the business of playing properly in a concert hall and of hearing 

the music well enough to enjoy it is very interesting in its own right, 

our investigation of it has also prepared us to take the next steps toward 

an understanding of how we can get clear impressions of the musical per- 

sonality of an instrument as we listen to it in a room. We are also ready 

to consider some of the problems one runs into when trying to capture some 

of this personality with a tape recorder. 

We know that the auditory system collects its information by gathering and 

inter-comparing the data that come to it via the first few reflections 

(note that these early arrivals are those that have suffered only one or 

two reflections, so that the signals have run little risk of being mixed 

up or distorted by irregularities in the room!). To clarify how we hear by 

the instantaneous putting-together of several reflections, let us visualize 

what takes place in terms of the reflections we see in a room with mirrored 
walls. As you look at me, the direct view is of my face and the front side 

of my body. The reflection from the wall at my back shows what the back of 

my head looks like. Similarly, if you glance in the mirrors up or down and 

left or right, your eyes will be presented with information about my left 

and right ears along with both a bird's-eye and a worm's-eye view of me. 

Collection of all these data would of course take the visual machinery sev- 

eral seconds, whereas the auditory system can do the analogous job in only 

a few tens of milliseconds. For instance, when I play a clarinet, you are 

literally hearing me from above and below, front and back, left and right, 

all at the same time perceptually speaking! 

Now consider what happens when an audio engineer insists on recording a 

musical instrument in a reflection-free room ("to avoid all the confusion 

with echoes1')--he will give us an objective record of only one view of the 
instrument, and it will be no more complete than is the side view of an 



automobile shown i n  F igure  8. 

THE PRECEDENCE EFFECT SOLVES A PROBLEM 

Fig .  8 

THIS CAR HAS ONLY TWO WHEELS ,V 
The f a c t  t h a t  t h e  record ing  "sounds l i k e  a c l a r i n e t "  merely says  t h a t  a 

p a r t i a l  view i s  s u f f i c i e n t  f o r  one t o  i d e n t i f y  one ' s  f r i e n d s ,  bu t  t h i s  

proves nothing more than  does t h e  f a c t  t h a t  you can a l l  recognize t h a t  my 

p i c t u r e  is  of a Mercedes. Have you ever  seen  a two-wheeled Mercedes? It 

i s  a mani fes t ly  absurd ques t ion ,  and no one would ever  make a computer 

a n a l y s i s  of such a p i c t u r e  t o  e x t r a c t  an  "ob jec t ive  d e s c r i p t i o n  of t h e  t r u e  

nature,  of an  automobile". Somehow, we a r e  l e s s  s o p h i s t i c a t e d  when we th ink  

consciously about t h e  d a t a  processed by our  e a r s .  

Our b r a i n s  can hold q u i t e  a v a s t  c o l l e c t i o n  of d i f f e r e n t  p i e e e s  of incom- 

p l e t e  information t h a t  has been gathered s t e p  by s t e p .  When enough i s  col- 

l e c t e d  (and t h e  amount needed depends on t h e  se r iousness  of our  purposes) ,  

we say "Aha, now I understand how a l l  t hese  p i eces  f i t  t oge the r ! "  Notice 

t h a t  t h i s  d e s c r i p t i o n  of how our  minds work f i t s  no t  on ly  ou r  v i s u a l  and 

aud i to ry  processes  bu t  a l s o  formal i n t e l l e c t u a l  processes .  A s  a ma t t e r  of 

f a c t ,  over t h e  g rue l ing  e x t e n t  of t h r e e  l e c t u r e s  I have been t r y i n g  t o  make 

use of t h i s  a b i l i t y  of your minds. It i s  my hope t h a t  about  now you a r e  

ready t o  say wi th  me "Aha! A musical  instrument  does a l l  i ts  c l e v e r  t h ings  

(which I begin t o  understand) ,  and i t  sends i t s  s i g n a l s  o u t  i n  a l l  d i r ec -  

t i o n s  i n t o  t h e  room. I c o l l e c t  t h e s e  s i g n a l s ,  each w i t h  i t s  own s t o r y  of 

t he  s t a r t i n g  behavior ,  t h e  s t e a d i n e s s  of tone,  t h e  dynamic l e v e l ,  t h e  



pitch of the instrument, and put them together through the storage-and- 

compilation facilities of my brain, which does this by means of the gen- 

eralized precedence effect." Then I am likely to say "Aha! This is a very 

fine oboe that is sounding, but I wish the player understood Mozart bet- 

ter" ! 

Once you have reached this stage of enlightenment, it is very easy for you 

to understand why it is that a properly aligned wind instrument, having all 

the virtues described at the beginning of Lecture I, automatically has the 

ability to carry well. In the real world one never gets the auditory 

information one would like, but if the bulk of what one does get is consis- 

tent with the rest--in point of origin, commensurate rates of buildup of 

the various components, mutually consistent fluctuations of components dur- 

ing vibrato, and absence of random fluctuations of the source itself--then 

one has a very easy time in recognizing the well-defined voice of an instrw 

ment and of picking it out of a complex field of sound. 

Up until now I have talked as though the entire collection of information 

about an instrument has to be completed in a handful of milliseconds. This 

is not true, particularly if the instrument is good enough that all its 

notes share their major characteristics, with no more change than a smooth 

trend to these characteristics as one plays a scale. We collect informa- 

tion over several seconds and form our opinions about tone color upon the 

basis of several notes. I think it is quite wrong to associate instrumen- 

tal tone color with even the room-average spectrum (which is the physicist's 

clumsy way of collecting the information which his ears acquire in a flash). 

Tone color is a personality trait of the entire instrument, or at least a 

part of its playing range. It depends on many things besides spectrum and 

startup behavior, as I have hinted several times before. 

I once startled a group of musicians with my apparent ability to completely 

transform the tone color of a certain woodwind during a few seconds while I 



turned my back upon t h e  l i s t e n e r s .  The explana t ion  was s imple.  Before 

coming t o  them, I had arranged f o r  t h e  instrument  t o  have a very  b r i g h t ,  

c l e a r ,  and well-tuned F# i n  i t s  o therwise  c o n s i s t e n t l y  dark-toned s c a l e .  

The f i r s t  t i m e  I played a  quick F major s c a l e ,  and t h e  second t ime i n  G 

major. My l i s t e n e r s  d id  not  have time t o  consciously d e t e c t  t h e  anomalous 

no te  i n  one s c a l e ,  b u t  they c e r t a i n l y  were very  much aware of t h e  a l t e r e d  

f l a v o r  of t h e  whole passage! 

I cannot p o s s i b l y  take  time i n  t h i s  l e c t u r e  t o  exp la in  how you should s e a t  

yourse lves  a t  a  recording s e s s i o n  and how t h e  microphones should be  p laced .  

Commercial record ing  p r a c t i c e  tends  t o  pay no a t t e n t i o n  t o  t h e  need of t h e  

l i s t e n e r ' s  ear t o  g e t  a  v a r i e t y  of samples of each p l a y e r ' s  sound. The 

use  of "c lose  miking", d i r e c t i o n a l  microphones, and t h e  mixdown of s e v e r a l  

microphones placed near  var ious  p a r t s  of t h e  ensemble a r e  p a r t s  of a  con- 

s c ious  p l a n  t o  achieve  what is  c a l l e d  s e p a r a t i o n  and d e f i n i t i o n .  The f a c t  

t h a t  convent iona l  records  s e l l  w e l l  mostly proves t h a t  t h e  aud i to ry  system 

can l e a r n  t o  a p p r e c i a t e  many th ings .  

suppose, however, t h a t  you wish t o  make what I desc r ibe  t o  music s t u d e n t s  

i n  my a c o u s t i c s  course a t  home a s  "audi t ion  tapes1'--that i s ,  t apes  intended 

t o  convey a  good idea  of your sound e f f e c t i v e l y  t o  another  musician,  whose 

aud i to ry  experience i s  l i k e  yours  and l i k e  mine. Experience t h a t  has  been 

accumulated c h i e f l y  i n  t h e  p r a c t i c e  room, l i v i n g  room, r e h e a r s a l  s t u d i o ,  

and concer t  h a l l  (or  l abo ra to ry )  and has n o t  p r i m a r i l y  been s t r a i n e d  

through a  m u l t i p l i c i t y  of e q u a l i z e r s  and f i l t e r s  perhaps opera ted  by 

people who have never heard music except  through t h e i r  earphones. How do 

you proceed? F i r s t ,  g e t  a  good g r i p  on your i d e a s  about e a r l y  echoes and 

t h e  accumulation of pe r sona l i t y  t r a i t s .  Second, l e a r n  t h e  gene ra l  ways i n  

which t h e  va r ious  instruments  (your own i n  p a r t i c u l a r )  send ou t  t h e i r  high-,  

middle-, and'low-frequency components. Thi rd ,  r e c a l l i n g  t h a t  a l l  of t h e s e  

components do no t  have t o  be captured by every microphone a t  every i n s t a n t ,  

choose your s e a t i n g  and microphone placements t o  a s s u r e  t h a t  a  good 



sampling of a l l  a spec t s  of your sound i s  provided over  any given h a l f -  

dozen b a r s  of music. Be s u r e  t o  move around (sway, e t c . )  a f a i r  amount a s  

you p lay ,  t o  he lp  d i sp l ay  t h e  d i f f e r e n t  a spec t s  of your tone  t o  t h e  micro- 

phones. ( I n c i d e n t a l l y ,  i t  i s  a l s o  a  good i d e a  t o  move a reasonable  amount 

i n  l i v e  conce r t s ,  i f  t h i s  i s  no t  c a r r i e d  t o  excess .)  

I w i l l  c l o s e  t h i s  l e c t u r e  wi th  a  b r i e f  example. F igure  9 i s  a diagram t h a t  

should he lp  you ge t  an idea  of how t o  th ink  about r eco rd ing  a  c l a r i n e t .  

DIRECTED TOWARD 
THE SIDES 

Lows MID 

. . 
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F i g .  9 

The c l a r i n e t  sha re s  wi th  a l l  reed woodwinds (but  no t  t h e  f l u t e ! )  an  almost 

p r e c i s e l y  uniform d i s t r i b u t i o n  of t he  low-frequency components of i t s  tone.  

To be p r e c i s e ,  a l l  those components t h a t  l i e  below t h e  e v e r l a s t i n g l y  

important tone-hole cu tof f  frequency a r e  uniformly r a d i a t e d .  The c l a r i n e t  



and o t h e r  reed woodwinds a l s o  sha re  t h e  proper ty  of spewing o u t  t h e  compon- 

e n t s  l y i n g  j u s t  above f  i n  a  cur ious  pancake-shaped p a t t e r n  t h a t  ex tends  
C 

a l l  round a t  r i g h t  angles  t o  t h e  a x i s  of t h e  instrument .  For components of 

t h e  tone  t h a t  l i e  w e l l  above c u t o f f ,  t h e  reed woodwinds p r o j e c t  t h e i r  

sounds d i r e c t l y  a long  t h e  a x i s  of t h e  instrument ,  a s  though they were audi- 

t o r y  shotguns. P lac ing  t h e  microphone d i r e c t l y  above t h e  p l a y e r ' s  head a s  

i nd ica t ed  i n  t h e  lower r igh thand p a r t  of t h e  f i g u r e ,  would n o t  g ive  a  very 

s a t i s f a c t o r y  sound, s i n c e  e s s e n t i a l l y  every th ing  i n  t h e  tone  above 1600 Hz 

would be missing except  what e n t e r s  by way of l a t e - a r r i v i n g  and t h e r e f o r e  

pe rcep tua l ly  u s e l e s s  echoes from t h e  h a l l  c e i l i n g .  A microphone p l aced  two 

meters i n  f r o n t  of t h e  c l a r i n e t  a t  t h e  p l a y e r ' s  wa i s t  l e v e l  would a l s o  g ive  

a  r e s u l t  t h a t  would no t  p l e a s e  him a s  a  l i s t e n e r .  Here t h e  r eco rd ing  

acqu i r e s  an  overdose of f i r s t - r e f l e c t i o n  high-frequency components from the  

f l o o r ,  a long w i t h  t h e  normal s h a r e  of t h e  low-frequency p a r t s  of t h e  tone.  

Another problem he re  i s  t h a t  t h e  l i s t e n e r  would be provided none of t h e  

just-above-cutoff a spec t s  of t h e  tone ,  s i n c e  t h e s e  pas s  r i g h t  above t h e  

microphone. F i n a l l y ,  we can l o c a t e  a  genera l  reg ion  i n  f r o n t  of and some- 

what above t h e  p l aye r  where ( i f  t h e  d i s t a n c e  is  r i g h t )  t h e  microphone w i l l  

be suppl ied  wi th  a very p r a c t i c a l ,  and con t inua l ly  s h i f t i n g  mixture  of 

everything t h a t  i s  important  t o  a musician l i s t e n i n g  t o  t h e  record .  It i s  

t h i s  con t inua l  change i n  t h e  d e t a i l s  of t h e  more o r  less complete supply of 

information t h a t  d i s t i n g u i s h e s  t h i s  s o r t  of record ing  from t h e  dead-sound- 

ing  r e s u l t s  of e l e c t r o n i c  e q u a l i z a t i o n  combined wi th  one of t h e  o t h e r  

microphone p o s i t i o n s .  

A l l  t h e  way through these  l e c t u r e s  we have threaded back and f o r t h  between 

formal sc ience ,  t h e  c raf t sman ' s  s k i l l ,  t h e  musician 's  exper ience ,  and a  

genera l  c u r i o s i t y  about how we hear  and t h i n k  about  sounds. I n  r e c e n t  

yea r s  musical a c o u s t i c s  has  come i n  age i n  t h r e e  ways. F i r s t  i t  has  

developed t o  t h e  p o i n t  t h a t  i t s  p r a c t i o n e r s  know enough t h a t  they  a r e  

o f t e n  su rp r i s ed  by what they  n o t i c e  i n  t h e  world around them, and they  



have learned how to ask usefully for help from their musician friends. 

Second, musical acoustics has developed to the point where a musician or 

instrument maker finds things in it that are of practical use to him. 

Third, musical acoustics has progressed in a manner that raises new and 

exciting questions for future study both by physicists and psychologists. 

We will be coming around more and more to talk with you musicians, and to 

get your help! For these reasons it has been a particular pleasure for me 

to meet with all of you, in an institution where much of the finest work is 

being done in musical acoustics. 
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I HISTORY OF VIOLIN RESEARCH 

Ear ly  acous t i c i ans ,  who were p r imar i ly  mathematTcians, d id  
not  pay very  much a t t e n t i o n  t o  musical ins t ruments .  A few 
of t h e s e  men who con t r ibu ted  t o  t h e  genera l  foundat ions  of 
musical a c o u s t i c s  were: Ga l i l eo  G a l i l e i  (1564-1642), who 
descr ibed  t h e  phenomenon of sympathetic v i b r a t i o n s  o r  re-  
sonance and t h e  frequency of t h e  pendulum based on i t s  
l ength ;  Marin Mersenne (1588-1648), who i s  c r e d i t e d  wi th  
t h e  f i r s t  c o r r e c t  publ ished account of t he  v i b r a t i o n  of 
s t r i n g s  and t h e i r  f requencies ;  Robert Hooke (1635-1703), 
who connected t h e  frequency of v i b r a t i o n  wi th  p i t c h ;  Joseph 
Saveur (1653-1716), who l a i d  t h e  foundat ion f o r  t h e  con- 
cept  of harmonic overtones,  which l a t e r  developed i n t o  t h e  
ce l eb ra t ed  theorem of Four i e r  (1768-1830), based on t h e  
supe rpos i t i on  p r i n c i p l e ,  o r  t h e  coexistence of small  o s c i l l a -  
t i o n s ;  J.L. Lagrange (1736-1813), who so lved  t h e  problem 
of t h e  v i b r a t i n g  s t r i n g  i n  e l egan t  a n a l y t i c  f a s h i o n ,  and i s  
known t o  have worked on t h e  sounds of musical ins turments  i n  
genera l ;  E rns t  F.F. Chladni (1756-1824), who desc r ibed  a 
method of us ing  sand sp r ink led  on s o l i d  f l a t  e l a s t i c  v i b r a t -  
i ng  p l a t e s  t o  show t h e  nodal l i n e s  and an t inoda l  a r e a s .  

F e l i x  Savar t  (1791-1841) was apparent ly  t h e  on ly  e a r l y  
acous t i c i an  who worked d i r e c t l y  with musical ins t ruments ,  
and p a r t i c u l a r l y  wi th  the  instruments  of t h e  v i o l i n  family.  
 is "?lemoire" (Savar t ,  1819) conta ins  manv i n t e r e s t i n g  experi- 
mental f i nd ings  on t h e  soundpost, p l a t e  resonances,  body re- 
sonances, a i r  resonances,  and a long d e s c r i p t i o n  of t h e  con- 
s t r u c t i o n  of a t r apezo ida l  v i o l i n  wi th  f l a t  p l a t e s  which 
he made f o r  experimental  purposes,  F ig .  1. (p.103). Savar t  
worked wi th  h i s  f r i e n d  Chladni on t h e  v i b r a t i o n s  of f l a t  
and arched v i o l i n  p l a t e s .  Perhaps h i s  most famous r e s u l t s  
came from a s tudy of t he  top and back p l a t e s  of t e n  o r  more 
v i o l i n s  by the  Cremona master  l u t h i e r s ,  Antonio S t r a d i v a r i ,  
Joseph Guarneri ,  and o t h e r s .  The v i o l i n s  were loaned t o  him 
by t h e  famous v i o l i n  maker J . B .  Vuillaume (1798-1875) of 
P a r i s ,  who allowed Savar t  t o  t a k e  t h e  ins t rumentss  a p a r t  
f o r  i nves t iga t ion !  From t h i s  Savar t  found t h a t  t h e  main vib- 
r a t i o n  frequency, o r  t a p  tone ,  of t h e  f r e e  back p l a t e  of t hese  
f i n e  v i o l i n s  was always between a tone and a semi-tone h igher  
than  t h a t  of t he  f r e e  top  p l a t e .  He a l s o  i d e n t i f i e d  t h e  
a i r  tone  of t he  completed v i o l i n  by t h e  use of a device  t o  
blow a , s t r e a m  of a i r  ac ros s  t h e  f-holes .  Savart 's  i d e n t i f i c -  
a t i o n  of f requencies  was based on a cog-wheel machine which 



F i g .  1. A Savartcs trapezoidal  v io l i n .  
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he developed to give quite accurate results, Fig. 2. 

Fig. 2. SavartMs "frequency counter" of 1830. 

There are various indications that Savart collaborated 
with Vuillaume on the development of new instruments such 
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a s  a  f i v e  s t r i n g  v i o l a  and t h e  twe lve  f o o t  o c t o b a s s e ,  F ig .3 .  

F ig .  3 .  Vuillaume-S o c t o b a s s e  

He even p r e d i c t e d  t h e  method t h a t  we have used r e c e n t l y  i n  
deve lop ing  t h e  i n s t r u m e n t s  o f  t h e  new v i o l i n  fami ly :  "To make 
homologous dimensions (of a  new i n s t r u m e n t )  p r o p o r t i o n a l ,  and 
such  t h a t  t h e i r  r e l a t i o n  be t h a t  o f  C n a t u r a l  (512 Hz i n  t h a t  
day) t o  t h e  new range and have p l a t e s  g i v i n g  sounds t h a t  
d i f f e r  by a  tone."  S a v a r t ,  1840. For  example, i n  deve lop ing  
a  new ins t rument  t o  be  tuned  an o c t a v e  below t h e  v i o l i n ,  such  
as o u r  t e n o r  v i o l i n ,  dimensions shou ld  be  such t h a t  t h e  a i r  
r esonance  comes a t  approximately  h a l f  512 Hz o r  256 Hz (128 Hz 
t o d a y ) .  I n  t h e  concluding paragraph  of t h i s  "Hemoire" S a v a r t  



s t a t e s  e x a c t l y  t h e  p o s i t i o n  we a r e  s t i l l  i n :  "It i s  t o  be  
presumed t h a t  we have a r r i v e d  a t  a t ime when t h e  e f f o r t s  o f  
s c i e n t i s t s  and t h o s e  o f  a r t i s t s  a r e  going t o  u n i t e  t o  b r i n g  
t o  p e r f e c t i o n  an a r t  which f o r  s o  long  h a s  been  l i m i t e d  t o  
b l i n d  r o u t i n e .  " ( S a v a r t  , 1819 ).An e x t e n s i v e  b i b l i o g r a p h y  of 
Savar t ' s  r e s e a r c h  on  t h e  v i o l i n  as  w e l l  a s  on t h e  a c o u s t i c a l  
p r o p e r t i e s  o f  s o l i d s ,  l i q u i d s  and g a s e s  can be  found i n  a 
s t u d y  by McKusick and Wiskind,  (1959). 

About t h e  middle  of t h e  1 9 t h  c e n t u r y ,  Hermann L.F.  Helm- 
h o l t z  (1821-1894), observed t h e  harmonics o f  a  complex t o n e  
i n  a  v a r i e t y  of ins t rument  sounds,  i n c l u d i n g  t h o s e  of t h e  
v i o l i n ,  by means of a  s e t  of r e s o n a t o r s  tuned  t o  c e r t a i n  
f r e q u e n c i e s  (Helmholtz, 1862) .  These c o n s i s t e d  of h o l l o w  meta l  
o r  g l a s s  s p h e r e s  o f  g radua ted  s i z e s ,  each w i t h  two o p e n i n g s ,  
one w i t h  s h a r p  edges and t h e  o t h e r  funnel-shaped s o  t h a t  i t  
cou ld  b e  f i t t e d  e x a c t l y  i n t o  t h e  e a r  c a n a l  w i t h  t h e  a i d  o f  
warm wax j u s t  a s  h e a r i n g  a i d s  a r e  f i t t e d  today ,  F i g .  4. 

F ig .  4 .  Helmholtzc r e s o n a t o r s .  



L i s t e n i n g  through t h e s e  r e s o n a t o r s  i n  sequence,  t h e  o b s e r v e r  
could  h e a r  c l e a r l y  any p a r t i a l s  t h a t  c o i n c i d e d  w i t h  t h e  f r e -  
quency o f  a g i v e n  r e s o n a t o r .  Th i s  dev ice  had two drawbacks. 
Only one o b s e r v e r  a t  a  t ime could  l i s t e n ,  and t h e  range  of 
p i t c h  re in forcement  by  t h i s  r e s o n a t o r s  was t o o  g r e a t  f o r  
p r e c i s e  measurement o f  t h e  component f r e q u e n c i e s .  I n  f u r t h e r  
a n a l y s i s  and s y t h e s i s  o f  t o n e s ,  h e  used a  s e r i e s  of t u n i n g  
f o r k s  a c t i v a t e d  by an e l e c t r i c  swi tch ing  d e v i c e  s i m i l a r  t o  
a  modem d o o r b e l l  (Helmholtz,  1954,  p .  1 2 1 ) .  

I n  1874, A l f r e d  Mayer of S tevens  I n s t i t u t e  o f  Technology, 
New J e r s e y ,  USA, d e s c r i b e d  an a p p a r a t u s  whereby t h e  e f f e c t  
of i n t e r v a l s  o f  one c e n t  (1/100 o f  a  semitone i n  t h e  e q u a l l y  

tempered s c a l e )  could  be made a u d i b l e  t o  a  l a r g e  aud ience .  
Th is  c o n s i s t e d  o f  a f r e e  reed p i p e  whose r e s o n a t i n g  chamber 
was connected by s i lk -cocoon  f i b r e s  t o  e i g h t  t u n i n g  f o r k s  
o f  d i f f e r e n t  f r e q u e n c i e s .  (Helmholtz,  1954, p.  5 4 9 ) .  

With t h e  a i d  of a  v i b r a t i o n  microscope proposed by t h e  
French p h y s i c i s t ,  L i s s a j o u s  (1822-1880), Helmholtz s t u d i e d  
t h e  bow-st r ing i n t e r a c t i o n  and observed t h e  v i b r a t i o n a l  form 
of i n d i v i d u a l  p o i n t s  on t h e  bowed s t r i n g ,  t h e  now famous 
Helmholtz saw-tooth waveform, w i t h  t h e  r e s u l t  t h a t  h e  cou ld  
c a l c u l a t e  t h e  motion o f  t h e  whole s t r i n g  and t h e  ampl i tude  
o f  i t s  upper  p a r t i a l  t o n e s .  

A s  f a r  a s  we have been a b l e  t o  de te rmine ,  Helmholtz was 
t h e  f i r s t  t o  r e c o g n i z e  t h a t  t h e  p e r i o d i c  impulse  produced 
by t h e  saw-tooth a c t i o n  of t h e  r o s i n e d  bow h a i r s  on t h e  ros -  
ined  s t r i n g  s e t s  up a  regime of o s c i l l a t i o n  i n  which t h e  
upper  p a r t i a l s  a r e ,  t o  a  l a r g e  degree ,  main ta ined  i n  s imple  
harmonic r e l a t i o n  t o  t h e  fundamenta l . (For  example ,a t  A 440 Hz 
t h e  bow h a i r s  p i c k  up and r e l e a s e  t h e  s t r i n g  440 t imes  each 
second.)  Th is  i n  c o n t r a s t  t o  t h e  r e c t a n g u l a r  impulses  of 
t h e  plucked s t r i n g  i n  t h e  g u i t a r ,  ha rp  o r  h a r p s i c o r d ,  i n  
which t h e  s t i f f n e s s  of t h e  s t r i n g  i t s e l f  a c t s  t o  r a i s e  t h e  
f requency  of t h e  h i g h e r  p a r t i a l s ,  F ig .  5  ( p .  i n q ) .  

I n  t h e  p r e f a c e  t o  h i s  monumental work " S e n s a t i o n s  of 
Tone" Helmholtz (1862) g i v e s  t h e  e s s e n t i a l  c l u e  t o  h i s  
approach t o  t h e  whole wide range of h i s  exper iments  w i t h  



Fig. 5. Bowed versus plucked string-force curves 
(from Hutchins, 1977, after Schelleng). 
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sound and v i b r a t i o n .  He i s  concerned w i t h  t h e  e f f e c t s  o f  
a u d i b l e  v i b r a t i o n s  on t h e  l i s t e n e r ,  n o t  o n l y  t h e  p h y s i c a l  
s t i m u l i ,  b u t  t h e  p h y s i o l o g i c a l  i n v e s t i g a t i o n  of s e n s a t i o n s  
a s  w e l l  as t h e  p s y c h o l o g i c a l  i n v e s t i g a t i o n  of p e r c e p t i o n s .  

I t  was through t h e  wide-ranging work o f  Helmholtz t h a t  
Lord Rayleigh (John Wi l l i am S t r u t t ,  1842-1919) became in-  
t e r e s t e d  i n  sound. I n  t h e  i n t r o d u c t i o n  t o  t h i s   heor or^ o f  
Sound" Rayleigh (1877) e x p r e s s e s  a  p o i n t  o f  v iew q u i t e  
s i m i l a r  t o  t h a t  of Helmholtz.  But i n  h i s  e x p e r i m e n t a l  and 
t h e o r e t i c a l  c o n s i d e r a t i o n s  h e  e x p l o r e s  and f o r m u l a t e s  v i b r a -  
t i o n a l  c h a r a c t e r i s t i c s  o f  many media t o  t h e  e x t e n t  t h a t  h i s  
work i s  t h e  b a s i s  f o r  much of  t h e  p r a c t i c a l  and t h e o r e t i c a l  
a c o u s t i c s  o f  today.  Rayleigh's c o n s i d e r a t i o n  o f  t h e  v i b r a -  
t i o n s  o f  membranes, p l a t e s ,  s h e l l s  and b e l l s  p r o v i d e s  much 
o f  t h e  background f o r  o u r  p r e s e n t  u n d e r s t a n d i n g  o f  t h e  v ib -  
r a t i o n s  i n  t h e  v i o l i n  body, a l though  t h e r e  i s  much y e t  t o  
b e  known. Rayleigh's t h e o r i e s  a r e  b a s i c  t o  t h e  work b e i n g  

done on t h e  v i b r a t i o n s  i n  v a r i o u s  s t r i n g e d  i n s t r u m e n t s  u s i n g  
hologram i n t e r f e r o m e t r y .  He a l s o  developed e l e c t r i c a l  c i r c u i t  
a n a l o g i e s  i n  c o n n e c t i o n  w i t h  f o r c e d  v i b r a t i o n s  o f  a c o u s t i c a l  
r e s o n a t o r s  and o t h e r  sys tems,  a  concept  used by John C .  
Sche l l eng  (1892-1979)in h i s  p i o n e e r i n g  s t u d y  "The V i o l i n  
a s  a  C i r c u i t  (Sche l leng ,  1963) .  

I n  R u s s i a  dur ing  t h e  1890's and 1900 's ,Anatol i  Ivanovich Leman 
s t u d i e d  and wrote  on t h e  v i o l i n .  According t o  N i c h o l a s  Bessara-  
b o f f  (1964) Leman was a  " f i n e  maker, a  man of a r t i s t i c  t a l e n t ,  
r e f i n e d  t a s t e  i n  music,  and s o l i d  s c i e n t i f i c  t r a i n i n g 1 ' .  H i s  
i n s t r u m e n t s  can be compared i n  t o n a l  q u a l i t i e s ,  e l e g a n c e  o f  
o u t l i n e ,  beau ty  of v a r n i s h  and workmanship o n l y  w i t h  t h e  b e s t  
of S t r a d i v a r i .  His o u t s t a n d i n g  c o n t r i b u t i o n  i s  t h e  "Acoust ics  
o f  t h e  Vio l in"  (Leman, 1903) .  

During t h e  f i r s t  decades  of t h e  20th  c e n t u r y  t h e  charac- 
t e r i s t i c s  o f  t h e  bowed s t r i n g  were s t u d i e d  i n  g r e a t  d e t a i l  by 
S i r  Chandrasekara Venkata Raman (1888-1970), who is b e s t  known 
f o r  h i s  work i n  spec t roscopy  and t h e  d i s c o v e r y  o f  t h e  Raman 
e f f e c t  f o r  which he  r e c e i v e d  t h e  Nobel P r i z e  i n  1930. His 
s t r i n g  r e s e a r c h  fol lowed t h a t  of Edwin H. Bar ton  and Thomas 
F. Ebblewhi te  (1910) around 1910 i n  b o t h  England and I n d i a .  
I n  s t u d y i n g  t h e  bowed s t r i n g s  o f  t h e  v i o l i n  and t h e  c e l l o ,  
Raman worked w i t h  t e c h n i q u e s  of hand bowing as  w e l l  a s  w i t h  
an au tomat ic  bowing d e v i c e  which k e p t  t h e  bow f i x e d  and moved 
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t h e  v i o l i n  t o  and f r o  w i t h  uniform speed,  F i g .  6 .  

F i g .  6. A mechanical  v i o l i n - p l a y e r  f o r  a c o u s t i c a l  
exper iments  (from Raman, 1920-21). 

C o n t r o l l e d  ad jus tments  i n  t h i s  a p p a r a t u s  made it p o s s i b l e  t o  
v a r y  t h e  a c t i o n  o f  t h e  bow and t o  s t i m u l a t e  q u i t e  c l o s e l y  
t h e  hand bowing t e c h n i q u e s  of t h e  v i o l i n i s t .  With t h i s  i t  
was p o s s i b l e  t o  measure and observe  t h e  e f f e c t s  of bow speed ,  
d i s t a n c e  o f  t h e  bow from t h e  b r i d g e ,  bowing f o r c e  and var -  
i o u s  i n t e r r e l a t i o n s  of t h e s e  f a c t o r s .  C a l c u l a t e d  and observed 
r e s u l t s  bo th  showed t h a t  minimum bowing f o r c e  v a r i e d  d i r e c t l y  
a s  t h e  speed of t h e  bow and i n v e r s e l y  a s  t h e  s q u a r e  o f  t h e  
d i s t a n c e  o f  t h e  bow from t h e  b r i d g e  w i t h i n  normal bowing l i m -  
i t s  (Raman, 1920) .  Another s t u d y  (Raman, 1 9 1 8 ) ,  i s  an e x t r e -  
mely d e t a i l e d  c o n s i d e r a t i o n  o f  d i f f e r e n t  t y p e s  o f  bowed s t r i n g  
v i b r a t i o n s  based  on p h o t o g r a p h i c  r e c o r d s  o f  b o t h  t h e  s t r i n g  
and t h e  i n s t r u m e n t  body, p a r t i c u l a r l y  t h e  c e l l o ,  under  v i b r a -  
t i o n .  Here h e  d i s c u s s e s  c h a r a c t e r i s t i c  s t r i n g  v i b r a t i o n  curves  
i n  an  e f f o r t  t o  develop a  dynamic t h e o r y  c o n s i s t e n t  w i t h  ob- 
s e r v e d  v i b r a t i o n a l  modes i n  t h e  s t r i n g  and i t s  i n t e r a c t i o n  
w i t h  t h e  bow. Much of  Raman-S work was v e r i f i e d  by F r e d e r i c k  
A. Saunders (1875-1963) i n  h i s  f i r s t  major  paper  o n  v i o l i n  
a c o u s t i c s  (Saunders ,  1937) . 

Ramancs f i n d i n g s  and h i s  i n t e r p r e t a t i o n  o f  t h e  s o - c a l l e d  



wolf n o t e ,  found i n  most good c e l l o s  and some v i o l a s  a s  w e l l  
a s  a  few v i o l i n s ,  h a s  provoked much d i s c u s s i o n  o v e r  t h e  y e a r s ,  
F ig .  7 .  T h i s  h a s  been r e s o l v e d  by a  combinat ion of h i s  
f i n d i n g s  w l t h  t h o s e  o f  Schelleng's  a s  s e t  f o r t h  by McIntyre  
and Woodhouse (1978).  

Raman"s w r i t i n g s  i n d i c a t e  t h a t  he  had f u r t h e r  p l a n s  f o r  
h i s  r e s e a r c h  on  v i o l i n  s t r i n g s ,  b u t  no r e p o r t s  o f  t h i s  have 
been found. The e x p l a n a t i o n  came i n  a  v e r y  c o r d i a l  l e t t e r  t o  
me i n  1969 i n  which h e  s a i d :  "My s t u d i e s  on bowed s t r i n g  
i n s t r u m e n t s  r e p r e s e n t  my e a r l i e s t  a c t i v i t i e s  as a  man of  
s c i e n c e .  They were mos t ly  c a r r i e d  o u t  between t h e  y e a r s  1914 
and 1918. My c a l l  t o  t h e  P r o f e s s o r s h i p  a t  t h e  C a l c u t t a  Univ- 
e r s i t y  i n  J u l y  1917 and t h e  i n t e n s i f i c a t i o n  o f  my i n t e r e s t  
i n  o p t i c s  i n e v i t a b l y  c a l l e d  a  h a l t  t o  f u r t h e r  s t u d i e s  o f  t h e  
v i o l i n  fami ly  i n s t r u m e n t s  . l 1  

T o p  p l a t e  

String 

T o p  p l a t e  

String 

Fig .  7 .  S imul taneous  v i b r a t i o n  curves  of b e l l y  and 
G-s t r ings  of v i o l o n c e l l o  a t  t h e  "Wolf-note" 
p i t c h  showing c y c l i c a l  changes (from Raman, 
1918) .  



I n  1916 Dayton M i l l e r  (1866-1941) p u b l i s h e d  h i s  w e l l  known 
book "Science of Musical  ~ o u n d s "  (1916) i n  which h e  r e p o r t e d  
d e t a i l e d  s t u d i e s  of t h e  harmonic s t r u c t u r e  of t h e  t o n e s  of 
v a r i o u s  o r c h e s t r a l  i n s t r u m e n t s .  Although M i l l e r  s p e c i a l i z e d  
i n  woodwinds, h i s  exper iments  and comments on v i o l i n  t o n e s  
were o u t s t a n d i n g .  Over t h e  y e a r s  v a r i o u s  d e v i c e s  had been de- 
veloped t o  v i s u a l i z e  sound waves, b u t  none were a s  s u c c e s s f u l  
a s  M i l l e r s ' s  "phonodeik", t h e  p r e c u r s o r  of t h e  o s c i l l o s c o p e ,  
F i g .  8.  With t h i s  a p p a r a t u s ,  sound waves from t h e  i n s t r u m e n t  be- 
i n g  t e s t e d  were c o l l e c t e d  i n  a  horn  (h)  and d i r e c t e d  t o  a  v e r y  
t h i n  g l a s s  membrane ( d ) .  As t h i s  membrane v i b r a t e d ,  i t  t w i s t e d  
by means of a  t h i n  s t r i n g ,  a  t i n y  m i r r o r  (m) t h a t  r e f l e c t e d  

F ig .  8.  P r i n c i p l e  of Dayton C .  M i l l e r - S  Phonodeik 
(from M i l l e r ,  1926) .  



a beam of l i g h t  (e) onto a moving photographic f i l m  ( f ) .  
There the  complex waveform of t he  o r i g i n a l  sound wave was 
spread out  and pro jec ted  onto a graph i n  such a way t h a t  
t h e  number and i n t e n s i t y  of t he  p a r t i a l s  could be ca l cu la t ed  
with accuracy up t o  10,000 Hz. M i l l e r  seems t o  have worked, 
however, only t o  5000 Hz. From harmonic ana lyses  of the  
four  unstopped s t r i n g  tones of t h e  v i o l i n ,  M i l l e r  found t h a t :  
"For the  lower sounds the  fundamental i s  weak, a s  indeed it 
must be s ince  these  tones a r e  lower than the  fundamental 
resonance of t h e  body of t he  v i o l i n ;  t h e  tones from t h e  
t h r e e  h ighe r  s t r i n g s  have s t rong  fundamentals . ... 
The tones from the t h r e e  lower s t r i n g s  seem t o  be  charact-  
e r i z e d  by s t rong  p a r t i a l s  as  high a s  t he  f i f t h ,  whi le  t h e  
E s t r i n g  g ives  a s t rong  t h i r d .  I n  genera l  t h e  tone  of t he  
v i o l i n  i s  cha rac t e r i zed  by the  prominence of t h e  t h i r d ,  fou r th  
and f i f t h  p a r t i a l s "  (Mi l l e r ,  1916).  

With t h e  advent of e l e c t r o n i c  equipment, such a s  t h e  
osc i l l o scope ,  the heterodyne ana lyzer  and va r ious  types of 
record ing  devices ,  i n  t h e  mid 1920cs, a whole new group of 
researches  began t o  look more c l o s e l y  a t  t h e  v i o l i n  and t h e  
sounds coming from i t .  The f i r s t  of t h e s e  was Erwin Meyer 
(1899-1972), who made harmonic ana lyses  of t h e  sounds of 
var ious  o r c h e s t r a l  ins t rements ,  inc luding  t h e  v i o l i n ,  v i o l a  
and c e l l o  (Meyer & Buchmann, 1931).  His work was followed 
by t h a t  of Hermann Backhaus (1885-1958) who worked i n  Germany 
f o r  many years  on t h e  acous t i c s  of t h e  v i o l i n .  His research  
on weak-current techniques during t h e  1920's i n  t h e  course 
of bu i ld ing  microphones, ampl i f i e r s  and ana lyzers  made it 
poss ib l e  t o  apply these  research  t o o l s  t o  v i o l i n  r e sea rch ,  
us ing  capaci tance sampling and sea rch  tone  a n a l y s i s .  His 
unique con t r ibu t ion  was t h e  f i r s t  mapping of t h e  v i b r a t i o n a l  
modes of t he  arched top and back of t h e  v i o l i n ,  v i b r a t e d  
wi th  an automatic bowing device  at main resonant  f requencies .  
(Backhaus, 1930, 1931).  

Hermann Meinel (1904-1977) s t u d i e d  wi th  Backhaus from 1925 
u n t i l  t he  completion of h i s  d i s s e r t a t i o n  i n  1935, and then  
went on t o  independent research  on the  v i o l i n .  Meinel was no t  
only an acous t i ca l  p h y s i c i s t ,  bu t  a l s o  a master  v i o l i n  maker 
and t r a i n e d  musician. Thus he was ab le  t o  make and t e s t  h i s  
instruments  under var ious  condi t ions  of wood th i cknesses  and 
varn ish ,  measuring the  e f f e c t  of p rog res s ive ly  th inn ing  t h e  
too-thick p l a t e s  of s e v e r a l  experimental  v i o l i n s  on t h e  vib- 
r a t o r y  mode p a t t e r n s ,  frequency and amplitude of resonances,  



harmonic structures and musical evaluation of the sounds 
produced with an automatic bowing device, Fig. 9. 

Fig. 9. Meinel's test equipment with automatic bowing 
device (courtesy of H. Meinel). 

He also studied the properties of outstanding violins, 
effects of varnish, plate archings and properties of 
various woods for violin making, (Meinel, 1937, 1956, 
1957). 

Principal researcher on the violin in the USA for many 
years was Frederick A. Saunders, who is perhaps better 
known to physicists for his work in the Russel-Saunders 
coupling. Starting in 1933 at the Crufts Acoustical Labor- 
atory of Harvard University, where he was then head of the 
physics department, Saunders continued his investigations on 
the violin family through the 1940s and 1950s at his home in 
South Hadley, Massachusetts. In his Crufts laboratory Saunders 
tested violins in a specially built corner, Fig. 19 (p.115 ) 
The recording microphone is in the upper left corner. The 
switch under his left foot controls a four second time sweep 
of the heterodyne analyser, which measures frequency and 
amplitude of the partials (harmonics). By means of this equip- 



F i g .  10. Saunders' t e s t  c o r n e r  ( c o u r t e s y  of F.A. Saunders ) .  

merit t h e  s p e c t r a  o f  F i g .  11 (p.116) whc're t h e y  have  been  
c a l l e d  "harmonic p a t t e r n s " )  were o b t a i n e d .  Such s p e c t r a  
were o b t a i n e d  f o r  an o c t a v e  of semitones  p layed  on  e a c h  
s t r i n g .  The ampl i tudes  of t h e  d i f f e r e n t  p a r t i a l s  were  combined 
i n t o  an o v e r a l l  r e sponse  curve.  Such a  r e s p o n s e  c u r v e  f o r  
t h r e e  S t r a d i v a r i o u s  v i - o l i n  a r e  shown i n  F i g .  1 2  (p.117 ) 
Saunders  a l s o  used an  a u t o m a t i c  bowing d e v i c e  b a s e d  on  
c e l l u l o i d  d i s c s  r o t a t i n g  a g a i n s t  t h e  v i o l i n  i n  such a way 
t h a t  f o r c e  and speed could  be c o n t r o l l e d  and measured,  
F i g .  1 3  (p .118) .  His  f o u r  major  p a p e r s ,  p u b l i s h e d  a t  about  
seven  y e a r s  i n t e r v a l s ,  cover  e v e r y  a s p e c t  of t h e  i n s t r u m e n t s  
o f  t h e  v i o l i n  fami ly  he could  t h i n k  o f  t o  t e s t  (Saunders ,  
1937, 1946, 1953, Hutchins  e t  a l . ,  1960).When Henry Shaw, 
f i r s t  t r e a s u r e r  o f  General  Radio Co., g o t  him i n t o  t h i s  work 
by a s k i n g  Saunders  i f  h e  could  measure t h e  d i f f e r e n c e s  b e t -  



Fig. 11. "Harmonic patterns'' of different tones from the 
same violin (i.e. partial strength as function 
of partial number (courtesy of F.A. Saunders). 



\ 

~ i g .  12. Response curves of three Strads (courtesy of 
F.A. Saunders) . 

ween a fine early cello and a fine modern one, ~aunders' thought 
it would be easy. Toward the end of his career he was willing 
to say: "There is still no set of physical measurements that 
we can think of to separate clearly a fine early violin from a 
fine modern one". This statement was based on comparisons of 
many aspects of the physical properties of several hundred in- 
struments that he had tested even though as a trained violin- 
viola player he knew there were differences. 

During the 1930s to 1960s many violin researchers made 
response curves of violins with somewhat different test equip- 
ment~, analysed harmonic content and measured various proper- 
ties of wood and varnish. Gioacchino Pasqualini (b. 1902) in 
Rome is most famous for his investigations of wood properties 
together with I. Barducci (b. 1917) (Barducci-Pasqualini,1948), 
Fig. 14 (p.119). The test bar S is excited by the electrode 
E and the vibrations are measured by means of a special 
frequency modulation method. Rohloff (b. 1911) in Liibeck used 
his equipemnt, Fig. 15 (p.120) to measure the influence of 
radiation on violin  roper rites by measuring electromagnetically 
the violin vibrations also in vacuum, Fig. 16 (p.121). Werner 
Lottermoser (b. 1909) developed at the Physikalisch-technische 
Bundesanstalt an electromagnetic driver for his investigations, 
Fig. 17 (p.122). Similar investigations were made in Japan by 
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Fig. 14. Sketch of appara tus  f o r  t e s t i n g  wood p r o p e r t i e s  
(from Barducci & P a s q u l i n i ,  1948). 

Hideo Itokowa (b. 1913).  A l l  t he se  i n v e s t i g a t o r s  made 
response curves of v i o l i n s ,  analyzed harmonic content  
and measured va r ious  p r o p e r t i e s  of wood and v a r n i s h .  
Their  work has r e s u l t e d  i n  a  l a r g e  body of in format ion  
i n  t h e i r  publ ished papers  t h a t  i s  consol ida ted  i n  t he  
two BENCHMARK VOLUMES on v i o l i n  a c o u s t i c s  ( ~ u t c h i n s ,  
1975, 1976). 

I n  t he  l a t e  1950s F r i ede r  Eggers (b.  1920) a t  GEttingen 
d id  a  continuous c a p a c i t i v e  scanning of t h e  ampli tude and 
phase of t h e  top  and back of a  c e l l o ,  Fig.  1 8  (p.123 ) (un- 
f o r t u n a t e l y  a  cheap s tuden t  ins t rument ) .  He a l s o  measured 
mechanical impedances which showed extreme va lues  a t  d i f f e r e n t  
t e s t  po in t s  and f requencies  (Eggers, 1959). 

The v i b r a t i o n s  of t h e  v i o l i n  b r idge  were s t u d i e d  i n  t h e  
e a r l y  1930s by M.G.J. Minnaert (1893-1970) and C.C.  Vlam 
(b. 1916) a t  t h e  Univers i ty  of Utrecht  us ing  an  ingenious 
o p t i c a l  method of v i s u a l i z i n g  the  var ious  bending moments 
(Minnaert & Vlam, 1937). For many yea r s  t h i s  was t h e  d e f i n i t -  
i v e  work on t h e  sub jec t .  Benjamin B lad ie r  (b. 1908) a t  t h e  
Research Center i n  Marse i l l e s  has  s tud ied  t h e  responses of 
t he  c e l l o  b r idge  t o  mechanical e x c i t a t i o n  both on a  block 
of concrete  and on the instruments  themselves.  B l a d i e r  has  
a l s o  done ex tens ive  work on analyses  of c e l l o  s t r i n g  v ibra-  
t i o n s  as  we l l  a s  on room acous t i c s  (Bladier ,  1961, 1964) .  
More r e c e n t l y ,  Walter Reinecke (b. 1939) i n v e s t i g a t e d  v ibra-  
t i o n s  i n  v i o l i n  and c e l l o  br idges  us ing  hologram interferom- 
e t r y  (Reinicke 1973). 



Fig .  15. Rohloff's t e s t  equipment (courtesy of E. Rohloff) .  



Fig. 16. Rohloff and his equipment set for measurement in 
vacuum (courtesy of E. Rohloff). 



Fig. 17. Lottermoser's electrodynamic system (courtesy of 
W. Lottermoser). 

Carleen M. Hutchins (b. 1911) got into this in 1949 by 
offering to make some expendable violas for Saunders to cut 
up, Fig. 19 a and b (F. 124). After seven or eight years 
of making, testing, changing and retesting some 40 instru- 
ments under construction, Saunders asked me to work on the 
violin that he and Jascha Heifetz had used as their "standard 
of badness". This turned out so well that it was later named 
"Pygmalionl'. Corresponding so called loudness curves by 
Saunders are given in Fig. 20. In 1957 John C. Schelleng 
(1892-1979) joined Saunders' group, which then consisted of 



Fig. 18. Cello adpated for scanning of amplitude and phase 
(from F. Eggers, 1959). 



Fig. 19. One of Hutchins#& Saunders' expendable t e s t  v i o l a s .  



$ 5 V IOLlN USED AS "STANDARD OF BADNESS" 

JUDGED I 

100 AFTER TREATMENT renamed - .  

(dBfl--- 1 I I 

6, GOOD VIOLIN 
"PYGMALION" 

I 1 w o o d  1 1 

C D E  
0 

C D E  

Fig. 20. Loudness curves f o r  "s tandard of badness" changed 
i n t o  a good v i o l i n  (cour tesy  of F.A. Saunders) ,  

Hutchins, Robert F ryxe l l  (b. 1923) and Alvin Hopping, an 
e l e c t r o n i c s  engineer .  A t  t h i s  time t h e  group decided, joking- 
l y ,  t o  c a l l  i t s e l f  "The Catgut Acous t ica l  Society",  a name 
t h a t  has s t u c k t o  the  o rgan iza t ion  t h a t  now inc ludes  over  
700 members i n  24 count r ies !  

Schel leng has  done some of t h e  most d e f i n t i v e  th ink ing  of 
our  time on t h e  v i o l i n .  I n  h i s  monumental paper "The Vio l in  
a s  a C i r cu i t "  Schel leng app l i ed  elementary e l e c t r i c a l  c i r c u i t  
theory t o  p r e d i c t  t h e  perforamnce of string-body v i b r a t i o n s ,  
t h e  importance of t h e  f i r s t  two resonances and t h e  e f f e c t s  
of  wood p r o p e r t i e s  (Schel leng,  1963).  Five yea r s  l a t e r  he 
publ ished a t h e o r e t i c a l  and experimental i n v e s t i g a t i o n  of t h e  
v i o l i n  va rn i sh  (Schelleng, 1968).  By t h e  arrangement shown 
i n  F ig .  21 (p.126) he  appl ied  a magnetic f i e l d  ac ros s  t h e  



F i g .  21. Device f o r  r e c o r d i n g  of s t r i n g  v e l o c i t y  a n d / o r  
d isplacement  ( c o u r t e s y  of J.C. S c h e l l e n g ) .  

s t r i n g s  and could  t h e r e b y  r e c o r d  s t r i n g  v i b r a t i o n s  a s  i l l u s t -  
r a t e d  i n  F i g .  22 (Sche l leng ,  1973).  

F i g .  22. V e l o c i t y  and d i sp lacement  a t  bow on  a  v e r y  f l e x i b l e  
s t r i n g  (0.006 r o c k e t  w i r e )  bow a t  1 / 2 0  of t h e  s t r i n g  
l e n g t h  from t h e  b r i d g e  (from J.C. S c h e l l e n g ,  1973).  



Furthermore he d id  t h e  t h e o r e t i c a l  s c a l i n g  f o r  t h e  develop- 
ment of t he  e i g h t  new instruments  of t h e  v i o l i n  family a s  
we l l  a s  p lay ing  and t e s t i n g  them as  they were made.   is many 
a r t i c l e s  i n  t h e  Catgut Newslet ter  have provided i n s i g h t s  in-  
t o  a  wide v a r i e t y  of problems such a s  p o l a r i t y  of resonances,  
t h e  func t ion  of t he  soundpost,  and c h a r a c t e r i s t i c s  of v i o l i n  
wood inc luding  damping and shear .  

During t h e  1960s Harvey F le t che r  (b.  1884) and o t h e r s  
a t  Brigham Young Univers i ty  made an ex tens ive  a n a l y s i s  
and r e syn thes i s  of t h e  tones of t h e  v i o l i n ,  v i o l a ,  c e l l o  
and s t r i n g  bass  (F l e t che r  & a l .  1965). This  was followed 
by a  d e t a i l e d  study of v i o l i n  v i b r a t o ,  i n d i c a t i n g  t h a t  
a l l  of t he  harmonics have the  same v a r i a t i o n  i n  frequency 
l e v e l  from t h e  note  being played,  b u t  t h e  i n t e n s i t y  l e v e l  
of some harmonics i nc reases  whi le  o t h e r s  decrease ,  see  
Fig.  8 (p- 214)(Fletcher  & Sanders 1967). 

During t h e  1960s and 1970s a t  t h e  Heinrich Her tz  In- 
s t i t u t e  of t h e  Technical Univers i ty ,  Be r l in ,  Lothar  Cre- 
mer (b. 1905) developed a  very  a c t i v e  research  group of 
graduate  s t u d e n t s ,  s e v e r a l  of whom worked on t h e  problems 
of t h e  v i o l i n .  Their  research  included s t u d i e s  of i n t e r -  
ferograms of v i o l i n  bodies  (Reinicke & Cremer, 1970),  
s e e  Fig.  2 3 , ( ~ . 1 2 8 ) ,  a s  w e l l  a s  br idges  (Reinicke,  1973),  
see  F igs .  6  & 7 (p.158-159) and t h e  sound r a d i a t i o n  of 
t he  v i o l i n  body (Cremer & Lehringer ,  1973; Beld ie ,  1974). 
Together w i th  Helmut Miiller and Lazarus Cremer examined 
v i b r a t i o n s  of t h e  v i o l i n  s t r i n g  (Cremer, 1971). 

My own research  s i n c e  1944 has been t o  s tudy  t h e  va r ious  
schools  of v i o l i n  making wi th  t h e  a p p l i c a t i o n  o f  a c o u s t i c a l l y  
important  f e a t u r e s  t o  a c t u a l  cons t ruc t ion  i n  r e l a t i n g  measur- 
a b l e  parameters  of t h e  p a r t s  of over  200 ins t ruments  t o  t h e  
tone q u a l i t i e s  i n  t h e  f i n i s h e d  ins t ruments ,  p a r t i c u l a r l y  
de f in ing  and analyzing t h e  Eigenmodes, o r  t a p  tones ,  i n  t h e  
f r e e  top and back p l a t e s  of v i o l i n  family ins t ruments  of a l l  
s i z e s  f o r  good tone and p lay ing  q u a l i t i e s .  This  has  l e d  t o  
a  u se fu l  method f o r  v i o l i n  makers whereby Eigenmode parameters 
can be measured and con t ro l l ed  t o  produce good-excellent in-  
s t ruments  every time, a s  wel l  a s  t o  t h e  a p p l i c a t i o n  of t h e  
method combined with t h e  p r i n c i p l e  of second harmonic re-  
inforcement,  f o r  good tone  and p lay ing  q u a l i t i e s  i n  c h i l d  s i z e  
v i o l a s  and v i o l i n s  down t o  1/16 s i z e .  p his r e sea rch  a l s o  made 
poss ib l e  t h e  succes s fu l  development and cons t ruc t ion  of t h e  
e i g h t  new instruments  of t h e  v i o l i n  family,  which w i l l  be  
d iscussed  l a t e r  (Hutchins,  1967). 



Fig. 23. Interferogram of violin top vibrations 
(from Cremer-Reinicke, 1970). 

In 1967 Karl A. Stetson (b. 1937) suggested the use of 
hologram interferometry in visualizing the modes of violin 
plates and assembled instruments. His work provided, for the 
first time, a real understanding of the Eigenmodes of free 
violin plates (c.f. Fig. 1-3 ~-166-170), and also to a 
limited extent, some of the Eigenmodes in assembled violins 
under various conditions. Erik Jansson (b. 1941), Nils Erik 
Molin (b. 1939) and Harry Sundin (b. 1939) in Stockholm de- 
monstrated the use of hologram interferometry at various 
stages in the assembly of a violin (Jansson & al. 1970). 
Carl-Hugo Agren (b. 1931) and Karl A. Stetson applied the 
method to plates of the treble viol (Agren & Stetson, 1972). 
Further intensive work is now being done with interferograms 
of the violin body under vibration and 6n the spatial radia- 
tions resulting therefrom by Gabriel Weinreich at the Univer- 
sity of Michigan (personal communication). 

Jansson has provided, for the first time, a definitive 
study of the higher air modes inside the violin and guitar 
shaped cavities (Jansson, 1973); and with Johan Sundberg 



(b. 1936) he has developed the Long-Time-Average-Spectra 
method of testing the output of musical instruments (Jansson 
& Sundberg, 1975). 

Currently there is much work going on in violin research 
and musical acoustics in general, such as: the development 
by Daniel Haines of asynthetic material which reproduces 
the relevant properties of fine spruce and can be used 
for the soundboards of all stringed instruments (Haines & al. 
1975 and Haines 1979) testing of the physical properties of 
many different kinds of wood to discover species with suitable 
properties for musical instruments; theoretical analysis and 
modeling of the action of the bowed string by Cremer, Lazarus, 
McIntyre and Woodhouse, Schumacher, Lavergren and others ; the 
radiation distribution patterns of the output of various 
orchestral instruments, including the violin family, by Jur- 
gen Meyer, who continues the work of Lottermoser in testing 
violins; coupling between the plates of the violin with air 
volume vibrations by Jansson; electronic simulation of violin 
and viola resonances by Kohut and Mathews, and by Sterling 
Gorrill. 

An excellent detailed survey of this current activity and 
its possible meanings for the violin maker, player and the 
listener can be found in "The Acoustics of Stringed Musical 
~nstruments", by M.E. McIntyre and J. Woodhouse, (1978). 
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I1 HOW TO MAKE A VIOLIN 

When looking a t  a b e a u t i f u l l y  f i n i s h e d  v i o l i n  t h a t  can prod- 
uce l o v e l y  music, one doesn't o f t e n  t h i n k  of a t r e e .  But t o  
s t a r t  t o  make a v i o l i n  we need wood mainly from two types  of 
t r e e s ,  maple (Acer) and spruce (P icea) .  These a r e  t h e  two most 
conve t iona l ly  used woods, spruce f o r  t h e  top  of  t h e  v i o l i n  and 
maple f o r  t h e  back, p re fe rab ly  what i s  known as  c u r l y  o r  t i g e r  
s t r i p e d  maple. European spec i e s  of  spruce and maple have been 
used- for  s e v e r a l  hundred years ;  so-cal led Norway spruce and 
Norway maple have s p e c i a l  p r o p e r i t e s  , a s  can be i n f e r r e d  
from Fig. 1. 

Fig.  1. Prope r t i e s  of tone  wood. V e r t i c a l  a x i s  g ives  t h e  
r a t i o  of c ( v e l o c i t y  of sound along t h e  g ra in )  
over  ~ ( d e n s i t y ) .  Hor izonta l  a x i s  shows t h e  Q 
f a c t o r  which i s  t h e  r e c i p r o c a l  of damping. The 
f a r t h e r  t o  t h e  r i g h t  t h e  longer  t h e  d u r a t i o n  o r  
r i n g  of sound o r  t h e  decay time. (Chart  devel- 
oped by J . C .  Schelleng 1963 from measurements of 
Barducci & ~ a s q u a l i n i , ( l 9 4 8 ) .  
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We a r e  f i nd ing  t h a t  t h e r e  a r e  c e r t a i n  spec i e s  of t h e s e  two 
woods i n  America which do q u i t e  w e l l  i n  v i o l i n  cons t ruc t ion ,  
a l though the  g ra in ,  co lo r  and a c o u s t i c  p r o p e r t i e s  may be some- 
what d i f f e r e n t  from t h e  European woods. A l l  t o l d ,  t h e r e  a r e  
some 80 p i eces  of wood i n  t h e  f i n i s h e d  v i o l i n ,  a l l  c a r e f u l l y  
shaped and he ld  toge the r  wi th  h i d e  glue.  Besides spruce and 
maple we use: ebony f o r  t he  f ingerboard,  nu t ,  s add le  and pegs; 
willow o r  spruce  f o r  t h e  blocks and l i n i n g s ;  wh i t e  poplar ,  
and pear  o r  walnut dyed b lack  f o r  t h e  p u r f l i n g  s t r i p s  ( t h e  
i n l a y  around t h e  edges of t h e  top  and back p l a t e s ) .  

S t a r t i n g  wi th  a  spruce log ,  it should be s p l i t  f i r s t  i n  
h a l f ,  then i n  q u a r t e r s  and then  i a  s e r i e s  of what i s  known 
as  q u a r t e r  cu t  f l i c h e s .  A f l i c h e  i s  wider  a t  t h e  o u t s i d e  of 
t h e  t r e e  than i n  the c e n t e r  i n  i t s  c ros s  g r a i n  d i r e c t i o n  a s  
shown i n  Fig.  2. For a  v i o l i n  a  f l i c h e  should be  about 16" 

GRAIN O F  TEST STRIPS 

l o n g i t u d i n a l - v e r t i c a l  

c r o s s - v e r t i c a l  

c 
h o r i z o n t a l  

e n d - v e r t i c a l - v e r t i c a l  

SECTION OF SPRUCE TREE 

Fig.2.  S t r i p s  f o r  measuring wood p r o p e r t i e s  and s e c t i o n  of 
spruce  t r e e  showing p o s i t i o n s  of s t r i p s  and a  f l i c h e  
f o r  a  top  p l a t e .  



(41 cm) long and 6  t o  7" (15-18 cm) wide. This  means i t  must 
come from a  t r e e  t h a t  i s  15 t o  16" (38-41 cm) i n  diameter ,  and 
p re fe rab ly  l a r g e r ,  f o r  very  o f t e n  t h e  heartwood i n  t he  cen te r  of 
t h e  t r e e  has undes i rab le  g r a i n  c h a r a c t e r i s t i c s  and t r a c e s  of 
knots  from branches when t h e  t r e e  was smal l .  The g r a i n  charac t -  
e r i s t i c s  can a l s o  be d i s t o r t e d  depending on how t h e  t r e e  has 
grown. Fig.  3 shows c h a r a c t e r i s t i c s  of t r e e  growth t h a t  a r e  

REACTION WOOD 

SOFTWOOD HARDWOOD 

T e n s i o n  Wood  
L e a n  

C o m p r e s s i o n  Wood 

Fig.  3 .  Unsuitable  t r e e  growth: "Reaction wood". 

not  s u i t a b l e  f o r  v i o l i n s  because t h e  wood tends  t o  be ha rde r  
and l e s s  resonant  than  d e s i r a b l e .  So-called "reaction-wood" 
i s  t h e  r e s u l t  of e x t r a  s t r e s s e s  i n  a  t r e e  lean ing  away from 
t h e  v e r t i c a l ,  a s  i s  o f t e n  seen  on a  s t e e p  h i l l s i d e ,  and can 
be i d e n t i f i e d  i n  the  log  by t h e  o f f - cen te r  annual r i n g  growth. 
I n  t h e  softwoods, such as  p ine  and spruce,  t h i s  i s  known as  
l I compression wood"; whi le  i n  t h e  hardwood, such a s  maple 
and oak, it i s  known a s  " tens ion  wood", and i s  formed a s  
shown i n  t h e  diagram. Fur the r  more i f  t h e  g r a i n s  of t h e  t r e e e  
log  a r e  s p i r a l  o r  skewed t h e  g r a i n s  w i l l  no t  be p a r a l l e l  i n  
t h e  p l a t e ,  Fig. 4  (p.133 ) .  

Proper  seasoning of t he  wood i s  important .  T r a d i t i o n  t e l l s  
us t h a t  t h e  f l i c h e s ,  once they a r e  c u t ,  should be  s tacked  i n  
an open shed where they w i l l  be  p ro t ec t ed  from d i r e c t  sun, 
r a i n  and snow, but  open t o  t he  elements.  This  a i r  d ry ing  
should cont inue f o r  a t  l e a s t  3 t o  5  years  f o r  t h e  spruce  and 
somewhat longer  f o r  t h e  maple. K i l n  dry ing  i s  no t  d e s i r a b l e ,  
b u t  a s  f a r  as  I know t h e r e  a r e  no d e f i n i t i v e  t e s t s  on t h i s .  



Fig.  4. S t r a i g h t  g r a i n  g iv ing  p a r a l l e l  f i b r e s  i n  a  joined 
top  and s p i r a l  o r  skewed g r a i n  g iv ing  a  run-out 
and non-para l le l  f i b r e s  i n  a  joined top .  This  type  
of j o i n  i s  known a s  "book join".  

Once t h e  wood i s  seasoned, a  f l i c h e  of suruce i s  s p l i t  o r  
sawn lengthwise.  The tow p ieces  a r e  joined very  c a r e f u l l y  w i th  
a  24" (61 cm) hand j o i n t e r  p lane ,  shaving t h e  two o u t s i d e  edges, 
which were next  t o  t h e  bark of t he  t r e e ,  so  e x a c t l y ,  t h a t  they  
can be glued toge the r  i n  what i s  known a s  a  book j o i n  C.£.  F ig .  
4 (p.133 ). Such a  j o i n  w i l l  s t a y  toge the r ,  hopefu l ly ,  f o r  a  
hundred years  o r  more. The same t rea tment  i s  given t h e  maple 
f l i c h e  f o r  t h e  back, except t h a t  it i s  seldom s p l i t  because 
c u r l y  maple, p a r t i c u l a r l y ,  does not  s p l i t  e a s i l y  and s t r a i g h t .  
It i s  planed and joined i n  t h e  same f a sh ion  a s  t he  top .  Once 
t h e  two p l a t e s  a r e  jo ined ,  t h e  bottom su r face  of each i s  planed 
and sanded p e r f e c t l y  f l a t .  A t  t h i s  s t a g e  the  p a t t e r n  f o r  t h e  out  
l i n e  of t h e  instrument can be l a i d  out  on t h e  wood and t h e  out-  
l i n e  rough c u t ,  e i t h e r  with a  bow saw o r  a  band saw. 

The next  ope ra t ion  i s  t o  make t h e  r i b s ,  o r  s i d e s  of t h e  
v i o l i n .  The wood f o r  t he  r i b s  i s  cu t  from t h e  same wood a s  t h e  
back so  both t h e  g r a i n  and t h e  c u r l  w i l l  match c lose ly .  The 
s i x  p i eces  f o r  t h e  r i b s  a r e  about 32 mm wide and a r e  planed 
and scraped down t o  1 mm th i ckness  a l l  over .  It i s  b e s t  f o r  
tone product ion i n  violin-S and v i o l a s  t o  keep t h e  r i b s  an even 



1 mm a l l  over .  This has  come from many d i f f e r e n t  sources,  
from v i o l i n  makers, from p laye r s  who have worked wi th  con- 
noisseurs ,  a s  we l l  a s  from Rembert Wur l i tzer ,  w e l l  known 
v i o l i n  connoisseur  and head of "Rembert Wur l i t ze r  Viol ins"  
i n  New York City.  He t o l d  me himself t h a t  they  never  got  a  
v i o l i n  o r  v i o l a  i n  t h e  shop t h a t  needed improvement f o r  
tone  b u t  they  always looked a t  t h e  r i b s  f i r s t .  I f  they were 
t h i c k e r  than  one mi l l ime te r  they  always thinned them down 
very c a r e f u l l y  wi th  sc rape r s  from t h e  i n s i d e .  

There a r e  two p r i n c i p l e  methods f o r  assembling t h e  r i b s .  
Fig. 5 shows an i n s i d e  form where t h e  blocks a r e  f i r s t  glued 
i n t o  c u t s  i n  t h e  form; glued l i g h t l y  on one f a c e  s o  t h a t  
l a t e r  they  can be cracked loose.  

Fig.  5. I n s i d e  form (cour tesy  of G. B i s s inge r ) .  

Both t h e  form and the  blocks must be c a r e f u l l y  shaped t o  t h e  
o u t l i n e  f o r  t h e  i n s i d e  of t h e  r i b s .  Then t h e  r i b s  a r e  bent  
by g e n t l e  h e a t  and mois ture  around a  hot '  i r o n  and shaped 
exac t ly  t o  t he  form and blocks.  Before t h e  r i b s  a r e  glued t o  
t h e  blocks the  edges of t h e  form a r e  c a r e f u l l y  covered wi th  
soap o r  tape.  This i s  t o  prevent  s t r a y  oozings of g lue  from 



s t i c k i n g  t h e  r i b s  t o  t h e  form which l a t e r  must be cracked 
loose  from t h e  blocks and taken out .  Then t h e  r i b s  a r e  care- 
f u l l y  glued t o  t h e  two end blocks and t h e  f o u r  corner  b locks .  
The r i b s  c o n t r o l  t he  shape of t h e  f i n a l  ins t rument ,  so  g r e a t  
ca re  must be taken t o  have them smooth and evenly shaped a l l  
around, e s p e c i a l l y  a t  t he  corners .  

Another method f o r  assembling t h e  r i b s  i s  t o  u s e  an out- 
s i d e  form. When t h e  r i b s  a r e  bent  t o  shape they  can be f i t t e d  
exac t ly  i n t o  t h e  mold where they a r e  glued from t h e  i n s i d e  t o  
t h e  corner  and end blocks.  

The next  s t e p  i s  t o  g lue  a s e t  of t h i n  l i n i n g  s t r i p s  of 
willow o r  spruce around the  i n s i d e  of t he  f r e e  edges of t h e  
r i b s  where they  a r e  no t  a t tached  t o  t h e  b locks ,  F ig .  6 .  

F ig .  6 .  Gluing of l i n i n g  s t r i n g s .  Clamps a r e  made of hard 
118" plywood (cour tesy  of G. B i s s i n g e r ) .  



For v i o l i n s  and v i o l a s ,  t h e s e  s t r i p s  a r e  2 mm t h i c k  and 8-10 mm 
wide. This  means t h a t  t h e  g lue ing  su r f ace  f o r  t h e  at tachment  
of t h e  top and back p l a t e s  w i l l  be  3 mm wide around t h e  edges 
between t h e  blocks.  The l i n i n g  s t r i p s  a r e  l e t  i n t o  t h e  b locks  
i n  t h e  cTbouts,  b u t  a r e  j u s t  b u t t e d  aga ins t  t h e  b locks  f o r  
t h e  two ends. Af t e r  t h e  l i n e r s  a r e  glued i n  p l ace  they  a r e  
beve l l ed  o f f  wi th  a sharp  k n i f e  t o  s lope  evenly t o  t h e  r i b s  
wi thout  a bump. F i n a l l y  t h e  upper and lower edges of  t h e  whole 
s t r u c t u r e  of  r i b s ,  blocks and l i n e r s  i s  rubbed on a f l a t  sand- 
i n g  board u n t i l  they a r e  exac t ly  even a l l  around both  f aces .  
The f i n a l  shape of t he  r i b s  i s  shown i n  f i g .  7 (p.  137 1. 

The carving of t h e  a rches  i s  done with a c h i s e l  o r  some- 
times wi th  a r o u t e r  t h e s e  days. Handwork i s  much s impler  i f  
one i s  making only one o r  two ins t ruments ,  f o r  i t  t akes  j u s t  
about a s  long t o  t o o l  up a r o u t e r  a s  i t  does t o  do t h e  work 
by hand. The archings a r e  c u t  very  c a r e f u l l y .  Sometimes they  
a r e  c u t  us ing  templates  o r  marked by contour l e v e l s  on t h e  
wood form a d r i l l  p r e s s  such a s  shown i n  Fig.  8 (p.138 ) .  
The experienced maker simply needs t o  look and "eye-ball" 
t h e  shape of h i s  arches,  f o r  he knows how t o  change t h e  
a rches  r e l a t i v e  t o  t he  g r a i n  of t h e  wood and va r ious  o t h e r  
s u b t l e t i e s  t h a t  cannot be got  from any s o r t  of measure- 
ment technique. The a rch  of  t h e  top  has a shape t h a t  i s  
d i f f e r e n t  from t h a t  of  t h e  back, mostly f o r  accomodation of 
t h e  f-holes and the  c e n t e r  d r i v i n g  mechanism from t h e  br idge .  
When t h e  o u t s i d e  i s  planed and scraped t o  a g l a s sy  smooth 
su r f ace ,  then t h e  edges a r e  ready t o  be f i n a l l y  shaped. 
Thereby, t h e  overhang i s  exac t ly  3 112 mm beyond t h e  edge 
of t h e  r i b s  a l l  around except  f o r  t h e  corners .  The corners  
need t o  be c a r e f u l l y  cu t  mostly us ing  templates  because they  
a r e  not  exac t ly  t h e  same p u t l i n e  as  t h e  r i b s .  F ig .  9 (p ,  139) .  
Again, an experienced maker can do t h i s  by eye. 

Once t h e  ou t s ides  of edges a r e  completely f i n i s h e d  and 
smoothed evenly a l l  around, then  it i s  t ime t o  c u t  t h e  
groove f o r  t h e  i n l a y  o r  p u r f l i n g  t h a t  goes around t h e  edge. 
This  pu r f l i ng ,  according t o  Simone Sacconi,  should s i t  h a l f  
on t h e  r i b s  and ha l f  on t h e  l i n e r s .  Since i t  i s  only about 
1 1 1 2  mm th i ck ,  t h i s  means t h a t  t he  p u r f l i n g  groove i s  
u sua l ly  about 4 mm i n  from t h e  edge. Pu r f l i ng  i s  made of 
t h r e e  s t r i p s  of wood, two black and one white .  Some makers 
make t h e i r  own, but  it can be purchased i n  long s t r a i g h t  



F i g .  7 .  Finished r i b s  with cleaned up blocks and l i n i n g s  
(from Mijckel & Winckel, 1967).  



F i g .  8 Top s u r f a c e  of a roughly  c u t  back w i t h  h o l e s  
d r i l l e d  a t  e q u a l  con tour  l e v e l s  f o r  a r c h i n g  
c o n t o u r s  (from Mijckel & Winckel, 1967) . 



Pig .  9 .  Upper back p l a t e  corner  of S t r a d i v a r i u s  
v i o l i n  "Soil" 1714 (from Sacconi,  1972).  

s t r i p s .  These days sometimes i t  i s  made wi th  f i b e r ,  two 
l a y e r s  of b lack  f i b e r  on t h e  o u t s i d e  and a  l a y e r  of  wh i t e  
wood i n  t h e  middle. There a r e  advantages t o  both t h e  wood 
p u r f l i n g  and the  f i b e r  p u r f l i n g ,  s o  t h e  choice i s  up t o  t h e  
ind iv idua l  maker. The groove f o r  t h e  p u r f l i n g  i s  c u t  very 
c a r e f u l l y  so a s  t o  l eave  t h e  wood underneath t h e  c u t  1 112 
mm th i ck  only. This  i s  thought t o  h e l p  i n  t h e  f i n a l  tone 
q u a l i t y  of t h e  instrument ,  bu t  has  not been documented by 
phys ica l  t e s t s  as  y e t .  One can observe,  however, a  f i n e  



h a i r l i n e  crack around t h e  edge of an instrument  . tha t  has 
been played f o r  many y e a r s ,  i n d i c a t i n g  t h a t  t h e  v i b r a t i o n  
of t h e  p lay ing  has loosened the glue which holds  t h e  p u r f l -  
i n g  i n  t he  groove. This  c r e a t e s  a  very t h i n  edge t o  t h e  
v i b r a t i n g  p l a t e  which i s  a  good a c o u s t i c a l  f e a t u r e  and one 
which we th ink  may be p a r t  of t h e  process  of  seasoning  o r  
p l ay ing  i n  of  an instrument .  When t h i s  crack forms around 
t h e  edge it f r e e s  t h e  c e n t e r  of t h e  p l a t e s  t o  v i b r a t e  more 
f r e e l y  . 

A f t e r  t h e  p u r f l i n g  i s  i n ,  t h e  shaping of t h e  wood of t h e  
top  i s  aga in  p a r t  of t h e  a r t  of t h e  v i o l i n  maker. The l i t t l e  
groove c a r e f u l l y  made near  t h e  edge of top  and back p l a t e  
j u s t  over  t h e  p u r f l i n g  makes the  edge i t s e l f  r i s e  from t h e  
p u r f l i n g ,  .giving t h e  very n i c e  e f f e c t  of a  bead around t h e  
edge of  t h e  instrument .  Once t h e  top  and back a r e  shaped on 
t h e  o u t s i d e  completely,  then  it  i s  time t o  gouge o u t  t h e  
i n s i d e  and t h i n  down t h e  wood t o  a  d e l i c a t e  s h e l l  a  few 
m i l l i m e t e r s  t h i c k ,  Fig. 10 and l l , ( p p .  141-142). The prooer 
t h inn ing ,  o r  graduat ion  as  it i s  c a l l e d ,  of t h i s  wood i s  
t h e  h e a r t  of t h e  sound ~ r o d u c t i o n  of t h e  ins t rument .  Very 
o f t e n  t h e  top  p l a t e  i s  thinned t o  about 3 m i n  t h e  lower 
a r e a ,  3 112 between t h e  f-holes  and 2 112 m i n  t h e  upper 
a r e a ;  whi le  t h e  back i s  u s u a l l y  l e f t  f a i r l y  t h i c k  i n  t h e  
c e n t e r ,  say 5 o r  6 mm , th inning  out  i n  p rog res s ive ly  con- 
c e n t r i c  contours t o  about 2  112 t o  3 mm a t  t h e  edges. It i s  
never  poss ib l e  t o  i n d i c a t e  e x a c t l y  how t h i c k  t o  make a  
g iven  top o r  back p l a t e  because t h i s  depends on t h e  q u a l i t y  
of t h e  wood, t he  a rch ing  t h a t  has  been carved i n t o  t h e  two 
p l a t e s ,  and the  p a t t e r n  of th icknesses  t h a t  each maker 
chooses t o  put  i n t o  a  p a r t i c u l a r  instrument .  The end r e s u l t  
of t h i s  i s  where ou r  t e s t i n g ,  us ing  t h e  so-cal led Eigenmode, 
o r  t a p  tone  method, can a i d  i n  t e l l i n g  a  maker when t o  s t o p  
th inning  the  wood. This  whole process  w i l l  be  d iscussed  l a t e r  
i n  "Tuning of Vio l in  P l a t e s " ( p .  155) .  

When t h e  top p l a t e  i s  graduated t o  s l i g h t l y  h e a v i e r  than  
f i n a l  th icknesses ,  the f-shaped ho le s  a r e  cu t  i n  t h e  c e n t e r  
of t h e  p l a t e ,  one on each s i d e .  F ig .  12 ( n .  143) .  These 
must be c u t  and pos i t ioned  a c c u r a t e l y  because t h e  d i s t a n c e  
between the  upper curves of t h e  f-holes which c o n t r o l s  t h e  
f l e x i b i l i t y  of t he  b r idge  p l a t fo rm i s  a  c r i t i c a l  p a r t  of 
t h e  cons t ruc t ion  of an ins t rument .  I f  t h i s  d i s t a n c e  i s  too  
g r e a t ,  t he  rocking motion of t h e  b r idge  i s  cons t r a ined  and 





P i g .  11. F i r s t  rough gouging o f  t h e  d r i l l e d  back 
(from MGckel & Winckel, 1967) .  



F i g .  1 2 .  P o s i t i o n s  of b r i d g e  and f - h o l e s  ( b e f o r e  c u t t i n g  
no tches  i n  t h e  h o l e s ,  ( c o u r t e s y  of G.  B i s s i n g e r ) .  

does n o t  g i v e  t h e  p r o p e r  sound t o  t h e  i n s t r u m e n t .  I f  i t  i s  
t o o  narrow, t h e r e  i s  t o o  much f l e x i b l i t y  and n o t  enough 
response from t h e  i n s t r u m e n t  t o  t h e  bow of  t h e  p l a y e r .  The 
s i d e s  o f  t h e  f -ho les  a r e  c u t  w i t h  a k n i f e  ve ry  c a r e f u l l y  and,  
accord ing  t o  t r a d i t i o n ,  l e f t  w i t h  s h a r p  edges .  S i n c e  t h e  a i r  
moves i n  and o u t  o f  t h e  f -ho les  a t  t h e  Helmholtz a i r  r esonance  
a t  an e s t i m a t e d  10 m i l e s  an  hour  (15 km/hour) ,  t h e r e  seems t o  
be good reason  f o r  h a v i n g  t h e  f -ho le  edges  n o t  q u i t e  a s  s h a r p  
a s  t r a d i t i o n  would i n d i c a t e . .  A l i g h t  rubb ing  w i t h  sandpaper  
t o  smooth o f f  t h e  s h a r p  edges  was sugges ted  by A . H .  Benade 
from h i s  exper iments  on t h e  f i n g e r  h o l e s  o f  r e c o r d e r s .  Actu- 
a l l y  t h i s  smoothing e f f e c t  o f  t h e  edges o f  t h e  f - h o l e s  o c c u r s  
i n  t h e  l i f e  o f  an i n s t r u m e n t .  When t h e  maker i s  r e s e t t i n g  a 



soundpost o r  doing some work through t h e  f-holes ,  h e  i s  ap t  
t o  s c r a t c h  t h e  edges a  b i t ;  then  smooth them o f f  and cover 
t h e  edges wi th  a  b i t  of va rn i sh .  Thus t h e r e  i s  l e s s  drag ,  
l e s s  impedance, i f  you w i l l ,  f o r  t h e  a i r  a s  it moves i n  and 
ou t  of t h e  f-holes .  

Af t e r  t h e  f-holes a r e  cu t  it i s  time t o  put  i n  t h e  bass- 
b a r ,  Fig.  13. This i s  a  p i ece  of s e l e c t e d  spruce wi th  a very 

Fig.  13. Pos i t i ons  of bass  ba r  and f-holes  (with notches,  
cour tesy  of G. B i s s inge r ) .  

s t r a i g h t  g r a i n  usua l ly  matching t h e  g r a i n  of t h e  wood of t h e  
top.  It i s  pos i t ioned  lengthwise of top  p l a t e  j u s t  i n s i d e  
t h e  f-hole on t h e  r i g h t  a s  one looks at the  i n s i d e  of t he  
v i o l i n  p l a t e ,  and it i s  angled t o  accomodate t he  r e l a t i v e  
s i z e  of  t h e  upper and lower a r eas .  Actua l ly  t he  o u t s i d e  of 
the  b a r  i s  approximately 119th o f  t h e  width of each of t h e  
upper and lower bouts  - from the  c e n t e r  j o i n  of t h e  p l a t e .  



T h i s  i s  a n  approximate measure because  sometimes t h e  e x a c t  
1 / 9  d i s t a n c e  p u t s  t h e  b a s s b a r  a c r o s s  t h e  upper  h o l e  of t h e  
f  and t h a t  i s  n o t  good. The b a r  shou ld  j u s t  come t o  t h e  edge 
o f  t h e  upper  s e c t i o n  o f  t h e  r i g h t  hand f -ho le  a s  one looks  
a t  i t  from t h e  i n s i d e .  The b a r  shou ld  be c u t  s o  t h a t  it's 
g r a i n  i s  p e r p e n d i c u l a r  t o  t h e  s u r f a c e  of t h e  t o p  p l a t e .  I n  
o t h e r  words, i t  i s  e s s e n t i a l l y  an e x t e n s i o n  o f  t h e  g r a i n  
i n  t h e  wood of  t h e  t o p .  Sometimes, i n  q u i c k l y  made s t u d e n t  
i n s t r u m e n t s ,  t h i s  b a r  i s  s imply a  p i e c e  o f  t h e  o r i g i n a l  t o p  
t h a t  i s  l e f t  carved i n  t h e r e ,  T h i s  i s  n o t  t h e  b e s t  way t o  
do it however, f o r  accord ing  t o  most v i o l i n  making methods,  
t h e  b a r  should  be  sprung i n  j u s t  a  l i t t l e  s o  t h a t  t h e  e x t r a  
c u r v a t u r e  t e n d s  t o  push t h e  c e n t e r  p a r t  of t h e  p l a t e  b e t -  
ween t h e  f -ho les  up w i t h o u t  p u l l i n g  t h e  ends down. T h i s  i s  
r a t h e r  a  c r i t i c a l  o p e r a t i o n ,  b u t  i f  t h e  b a r  i s  f i t t e d  f i r s t  
a t  one end and t h e n  a t  t h e  o t h e r  w i t h  t h e  c e n t e r  l e f t  a b i t  
h i g h ,  i t  w i l l  t end  t o  push t h e  middle  p a r t  o f  t h e  p l a t e  up 
w i t h o u t  p u l l i n g  t h e  ends down. 

The f i n a l  shap ing  o r  t u n i n g  o f  t h e  b a s s b a r  i s  a  v e r y  
c r i t i c a l  o p e r a t i o n  f o r  t h e  t o n e  and t h e  p l a y i n g  q u a l i t i e s  
o f  t h e  v i o l i n .  I have been exper iment ing  w i t h  t h i s  f o r  many 
y e a r s  now t o  t r y  t o  de te rmine  t h e  optimum r e l a t i o n  o f  f i r s t  
t h e  b a s s b a r  t o  i t s  own t o p  p l a t e  and t h e n  t o  de te rmine  t h e  
r e l a t i o n  t h a t  e x i s t s  between t h e  two p l a t e s  - t h e  back  and 
t h e  t o p  f r e e  p l a t e  b e f o r e  t h e y  a r e  pu t  t o g e t h e r .  T h i s  w i l l  
be d i s c u s s e d  i n  more d e t a i l  i n  a  l a t e r  c h a p t e r .  

Once t h e  two p l a t e s  a r e  comple te ly  f i n i s h e d  and tuned ,  
e i t h e r  by t h e  s k i l l  o f  t h e  exper ienced  v i o l i n  i n  f e e l i n g  
and t a p p i n g  and f l e x i n g  t h e  two p l a t e s ,  o r  v i a  t h e  Eigen- 
mode method, i t  i s  t ime  t o  b e g i n  t o  assemble t h e  p a r t s .  I n  
t h e  meantime a  s c r o l l  i s  c u t  from a  b l o c k  o f  wood and ca rved  
t o  a p p r o p r i a t e  shape f o r  t h e  s t y l e  of t h e  v i o l i n  under  con- 
s t r u c t i o n ,  f i g .  14 ( p .  1 4 6 ) .  Th i s  a g a i n  i n v o l v e s  t h e  a r t  
o f  t h e  v i o l i n  maker, f o r  h e r e  he  can u s e  h i s  own d i s c r e t i o n  
t o  a  c e r t a i n  e x t e n t .  There  i s  a  l i t t l e  more leeway i n  shap- 
i n g  t h e  s c r o l l ,  f i g .  15 (p. l h 7 ) ,  t h a n  t h e r e  i s  i n  t h e  r e s t  
o f  t h e  c o n s t r u c t i o n  of t h e  i n s t r u m e n t  because  c o n v e n t i o n a l  
methods a r e  v e r y  p r e c i s e  and v e r y  demanding. 

The n e x t  s t e p  i s  t o  g l u e  t h e  back o n t o  t h e  r i b s  w i t h  a  
f a i r l y  t h i c k  g l u e  s o  t h a t  it w i l l  s t a y  f o r  q u i t e  a  l o n g  t ime .  
I ment ion t h i s  because  i t  i s  i n  c o n t r a s t  t o  t h e  t h i n  g l u e  



Fig. 14. Sawcuts for making a scroll (left) and scroll of 
the "Paganini" viola contraalto of Stradivari 1731 
(right, Sacconi 1972) . 



F i g .  15. Back of penbox and end bu t ton  showing t h e  s p e c i a l  
des ign  developed by S t r a d i v a r i  f o r  h i s  v i o l a s  and 
c e l l o s  (Sacconi,1972).  



r i g .  16.  Bass i n  clamps f o r  g l u i n g  second 
s e t  of l i n i n g  s t r i p s .  

used f o r  g l u i n g  on t h e  t o p .  Th is  must b e  emphasized v e r y  
s t r o n g l y  because  it i s  impor tan t  t h a t  t h e  top  p l a t e  can 
b e  removed e a s i l y  w i t h o u t  b r e a k i n g  i t  up i n  o r d e r  t o  r e p a i r  
damages which i n e v i t a b l y  o c c u r  i n  t h e  l i f e  of any i n s t r u m e n t .  
When t h e  back i s  glued on t h e  r i b s  i t  i s  t ime t o  t a k e  o u t  t h e  
form. Th is  i s  cracked l o o s e  from t h e  b l o c k s  where t h e y  were 
g l u e d  l i g h t l y  t o  t h e  form w i t h  s p o t s  o f  g l u e  s o  t h a t  each  
b l o c k  can be s e p a r a t e d  from t h e  form w i t h o u t  c r a c k i n g  t h e  
r i b s .  Sometimes t h i s  can be  a  v e r y  compl ica ted  p r o c e s s ,  



e s p e c i a l l y  i f  t h e  g l u e  has  been p u t  on t o o  h e a v i l y  when t h e  
b l o c k s  were  s e t  i n t o  t h e  form. With t h e  form o u t ,  it i s  t ime 
t o  c l e a n  up t h e  i n s i d e  o f  t h e  box. Then a  second s e t  o f  l i n -  
i n g  s t r i p s  i s  glued around t h e  t o p  edge (same dimensions  a s  
t h e  o t h e r  s t r i p s ,  i . e .  2 mm t h i c k  and 8-10 mm wide) c a r e f u l l y  
and t h e n  c u t  t o  t a p e r  o f f  a t  an a n g l e  t o  t h e  r i b s ,  f i g .  1 6 ,  
(p .148  ) *  This  means t h a t  t h e  g l u i n g  s u r f a c e  f o r  t h e  edges  
of t h e  t o p  of v i o l i n s  and v i o l a s  a r e  3 mm wide. A f t e r  t h e  
i n s i d e  i s  c leaned  up,  the  b l o c k s  a r e  shaped,  and t h e  l i n e r s  
a l l  smoothed o u t  n i c e l y ,  t h e  maker p u t s  i n  h i s  l a b e l  and 
g l u e s  on t h e  top  w i t h a  ve ry  l i g h t  g l u e  so  t h a t  it can be  
t a k e n  o f f  aga in .  If t h e  i n s t r u m e n t  shou ld  go th rough  s e v e r e  
changes o f  mois tu re  o r  t empera tu re  t h e  edges  w i l l  h o p e f u l l y  
l o o s e n  r a t h e r  than  c rack  t h e  wood of t h e  top  and back.  

The n e x t  s t e p  i s  t o  c u t  t h e  channel  f o r  t h e  neck b l o c k  in -  
t o  t h e  upper  end of t h e  i n s t r u m e n t .  T h i s  channel  i s  shaped SO 

t h a t  t h e  neck can f i t  i n t o  t h e  upper b l o c k  w i t h  p r a c t i c a l l y  
a  m o r t i s e  and t enon  j o i n t .  I f  i t  i s  w e l l  done,  t h e  neck 
should be  a b l e  t o . b e  squeezed i n t o  t h e  c u t  s o  f i r m l y  t h a t  
one can s t r i n g  t h e  ins t rument  up t o  p i t c h  w i t h o u t  g l u i n g  
t h e  neck i n .  T h i s ,  I unders tand ,  i s  one of t h e  c r i t e r i a  f o r  
a  w e l l  s e t  neck a t  t h e  Mit tenwald School of V i o l i n  Making. 
The a n g l e  o f  t h e  neck i s  impor tan t  because  i t  c o n t r o l s  
t h e  h e i g h t  o f  t h e  f i n g e r  board above t h e  t o p ,  which means 
t h e  a n g l e  of t h e  s t r i n g s  a t  t h e  b r i d g e ,  a  c r i t i c a l  f a c t o r  
f o r  t o n e  q u a l i t y .  A f t e r  t h e  neck i s  g l u e d  i n  and p r o p e r l y  
shaped f o r  smooth a c t i o n  o f  t h e  palyer ' s  hand, t h e n  t h e  
f i n g e r b o a r d  i s  glued on. Some makers g l u e  t h e  f i n g e r b o a r d  
on t h e  neck b l o c k  b e f o r e  t h e y  p u t  i t  i n  t h e  channe l ,  o t h e r s  
p u t  i t  on a f t e r w a r d s .  

Then t h e  f i t t i n g  up p r o c e s s  b e g i n s .  The n u t  a t  t h e  upper  
end o f  t h e  f i n g e r b o a r d ,  where t h e  s t r i n g s  go i n t o  t h e  peg 
box, i s  a  s e p a r a t e  p i e c e  o f  ebony. It i s  g lued  on w i t h  l i t t l e  
grooves f i l e d  i n t o  i t  s o  t h e  s t r i n g s  s t a y  i n  p r o p e r  p o s i t i o n  
and a r e  t h e  r i g h t  h e i g h t  above t h e  f i n g e r b o a r d .  The pegs must 
be f i t t e d  i n t o  t h e  s i d e s  of t h e  peg box s o  t h a t  t h e y  t u r n  
e a s i l y .  A s a d d l e  of ebony i s  p u t  a t  t h e  lower end o f  t h e  t o p  
where t h e  t a i l  g u t  goes a c r o s s ,  r a i s i n g  t h e  end of t h e  t a i l -  
p i e c e  j u s t  a  l i t t l e  above t h e  t o p  of t h e  v i o l i n  s u r f a c e  s o  
t h a t  it does n o t  s c r a t c h  i t .  The soundpost  i s  made o f  care-  
f u l l y  s e l e c t e d  narrow g r a i n  sp ruce  l i k e  a  smal l  p e n c i l  t o  
f i t  a s  c l o s e l y  as  p o s s i b l e  j u s t  i n s i d e  t h e  i n s t r u m e n t  where 
i t  i s  s e t  and h e l d  by f r i c t i o n  n e a r l y  under  one f o o t  of t h e  
b r i d g e .  The sound p o s t  shou ld  be p l a c e d  w i t h  t h e  annual  
r i n g s  p e r p e n d i c u l a r  t o  t h e  g r a i n  o f  t h e  t o p  and back.  



F i n a l l y  t he  br idge  i s  cu t  from a  s tandard  b r idge  blank,  
f i r s t  f i t t i n g  the  two f e e t  exac t ly  t o  t h e  cu rva tu re  of t h e  
t o p  p l a t e  where i t  w i l l  be pos i t i oned  as i n d i c a t e d  i n  Fig.  12 
by the  i n n e r  notch of t h e  f-holes .  The f e e t  a r e  c u t  down t o  
be 1 mm t h i c k  a t  the  edges. Then t h e  top p a r t  i s  shaped t o  
g ive  t h e  proper  angle  and spacing between s t r i n g  a s  we l l  as  
he igh t  above the  f ingerboard ,  with the  f r o n t  f a c e  g e n t l y  
curved i n  two d i r e c t i o n s .  The o v e r a l l  t h i ckness  o f  t h e  b r idge  
and t h e  s i z e  of the  va r ious  openings i s  a  f i n a l  ad jus tment ,  
which i n  t h e  hands of  an experienced maker can g r e a t l y  en- 
hance t h e  tone  tone of an instrument .  Since t h e  b r i d g e  i s  
t h e  f i l t e r  through which t h e  v i b r a t i ~ n s  from t h e  s t r i n g s  
must pass ,  t h e  s t i f f n e s s e s  of i t s  va r ious  p a r t s  c o n t r o l ,  t o  
a  l a r g e  degree,  the v i b r a t i o n s  t h a t  reach t h e  v i b r a t i n g  
box of t h e  v i o l i n .  Once t h e  pegs a r e  proper ly  f i t t e d  i n t o  
t h e  peg box and the  s t r i n g s  put on and brought up t o  p i t c h ,  
t h e  v i o l i n  i s  ready f o r  p lay ing .  Fur ther  adjustment  t o  
b r idge  and soundpose a r e  u sua l ly  made as  t h e  maker and 
p l aye r  l i s t e n  f o r  t h e  sound q u a l i t i e s  they want t o  h e a r .  
Research on br idge  adjustments  i s  c u r r e n t l y  being done i n  
s e v e r a l  l a b o r a t o r i e s  and w i l l  be d iscussed  i n  two l a t e r  
chapters .  
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I11 HOW THE VIOLIN WORKS 

The sound of t h e  tones coming from a  v i o l i n  depends on t h e  
t r a n f e r  of v i b r a t i o n s  from t h e  s t r i n g s  t o  sounding box t o  
a i r ,  t h a t  i s ,  i f  one ignores  t h e  a c o u s t i c s  of  t h e  room and 
t h e  s k i l l  of t h e  p l a y e r .  This  disarmingly s imple s t a t emen t  
t u r n s  ou t  t o  be extremely complicated as  soon a s  an a n a l y s i s  
of t he  var ious  v i b r a t i n g  elements and t h e  t r a n s f e r  f u n c t i o n s  
a r e  i n v e s t i g a t e d .  F ig .  1 g ives  a  view i n s i d e  t h e  v i o l i n  show- 
ing  t h e  p o s i t i o n  of soundpost and bassbar  r e l a t i v e  t o  t h e  
b r idge  f e e t  (lower r i g h t ) ;  t he  contours  of t h e  back p l a t e  
w i th  soundpost s e t  (no t  glued)  i n  p o s i t i o n ;  t h e  r i b s  (edges) 
w i th  corner  b locks ,  end b locks  and l i n e r s ;  t h e  t op  p l a t e  
wi th  bassbar  glued approximately under t h e  s t r i n g  of  lowest  
tun ing;  and t h e  neck, s c r o l l ,  f ingerboard ,  t a i l p i e c e ,  b r idge  
and s t r i n g s .  

F ig .  1. Main p a r t s  of t h e  v i o l i n .  (From Hutchins:  "The 
Physics  of t h e  v i o l i n " .  Copyright Nov. 1962 by 
Sc ien t .  American, pp. 78-93.) 



The bowed s t r i n g  has been analyzed by r e sea rche r s  f o r  nea r ly  
100 yea r s ,  and i s  s t i l l  no t  completely understood. The v ib ra -  
t i o n s  of t h e  br idge  a r e  slowly y i e l d i n g  informat ion  through 
the  a p p l i c a t i o n  of hologram in t e r f e rome t ry  t o  t h e i r  bending 
moments. The v i b r a t i o n s  of t h e  v i o l i n  body and t h e i r  coupl ing 
t o  t h e  enclosed a i r  modes a r e  under i n v e s t i g a t i o n  i n  Stock- 
holm by E .  Jansson and o t h e r s .  There i s  s t i l l  a  no-mancs 
l and  between t h e  body v i b r a t i o n  modes a s  v i s u a l i z e d  by holo- 
gram in te r fe rometry  and t h e  a c t u a l  r a d i a t i o n  i n  t h e  a i r  
around t h e  instrument t h a t  b r ings  t h e  sounds t o  t h e  e a r s  of 
t he  l i s t e n e r .  

The s t r i n g  i t s e l f  provides t he  unique d r iv ing  f o r c e  f o r  
any s t r i n g e d  instrument ,  g iv ing  the  p l aye r  not only con t ro l  
of t h e  v i o l i n  under h i s  f i n g e r s ,  bu t  f o r c i n g  him t o  s o l v e  
c e r t a i n  problems i n  t he  q u a l i t y  of t h e  sounds produced. As 
t h e  bow i s  drawn across  t h e  s t r i n g ,  t h e  s t r i n g  appears  t o  
move back and f o r t h  i n  a l e n s  shaped curve which i s  an op- 
t i c a l  i l l u s i o n .  Actua l ly  i t  takes  t h e  form of a  broken 
s t r a i g h t  l i n e  t h a t  could be seen  i n  slow motion a s  a  bend, 
o r  kink moving around the  pa th  of t he  s t r i n g  between t h e  two 
ends. This  can be demonstrated wi th  a  long t h i n  c o i l e d  sp r ing  
o r  a  long p i ece  of t h i s  rope he ld  f i rmly  a t  each end. A sharp  
blow downward near  one end w i l l  send a  kink s h u t t l i n g  back 
and f o r t h  between the  two ends. It i s  t h i s  k ink  which t r a c e s  
t h e  lens-shaped loop of F ig .  2 (p. 153 ) . I n  the  f i g u r e  
e i g h t  success ive  pos i t i ons  of t he  k ink  a r e  shown. I n  t he  
a c t i o n  of the  s t r i n g  under t h e  bow t h i s  k ink  races  around 
from nut  t o  br idge  a t  t he  frequency of t h e  no te  be ing  played. 
For example, a t  a  A 440 Hz the  k ink  makes 440 round t r i p s  i n  
one second. 

As t h e  kink passes  the  bow it  d is lodges  t h e  s t r i n g  from 
the  bow h a i r  t o  which i t  has been c l i n g i n g  and r eve r se s  t he  
s t r ing ' s  motion. The bow i s  thus  f r e e d  from the  s t r i n g ,  not  
as  a  r e s u l t  of t h e  gradual  i nc rease  i n  s t r e s s  between t h e  
ros ined  h a i r  and the  rosined s t r i n g ,  bu t  because t h e  k ink  
has turned  i t  loose.  The time of s t i c k i n g  i s  one of slow 
motion i n  one d i r e c t i o n ,  followed by a  quick snap back i n  
t he  o t h e r  upon r e l ease ,  thus  g iv ing  t h e  sawtooth waveforms 
of Fig.  3 (p.154 1. These a r e  displacement waveforms t h a t  
r ep re sen t  t h e  motion of the  bowed s t r i n g  as  a  func t ion  of 
time showing the  up-bow and down-bow a c t i o n  a s  exac t  r e v e r s a l s  



Fig. 2. Deformation of a bowed string at eight consecutive 
instants of time. The dashed contour renresents the 
deformation envelope. 
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F i g .  3 .  Displacement waveforms r e p r e s e n t i n g  t h e  mot ion  of 
t h e  bowed s t r i n g  a s  a f u n c t i o n  of t ime  showing t h e  
up-bow and down-bow a s  e x a c t  r e v e r s a l s  (from Hutch ins ,  
1977, a f t e r  S c h e l l e n g )  . 

I Time -. 
A and B added t o g e t h e r  g i v e  C I 

F i g .  4 .  Vibra ton  f o r c e s  of t h e  two p a r t i a l  waves (A and B) 
s e p a r a t e l y  and of t h e i r  sum (C)  (from Hutch ins ,  1977, 
a f t e r  S c h e l l e n g ) .  



The f a r t h e r  t h e  po in t  of bowing from t h e  two ends of t h e  
s t r i n g ,  t he  more nea r ly  equal  a r e  t he  two p a r t s  of t h e  saw- 
too th  a c t i o n .  E f f e c t i v e  bowing can occur ,  however, only nea r  
e i t h e r  end of t h e  s t r i n g .  

I f  t h e  a c t i o n  under t h e  bow i s  t r u l y  r e p e t i t i v e ,  a s  i t  
usua l ly  i s ,  t he  f requencies  of t h e  s t r i n g  p a r t i a l s ,  which 
a r e  a l l  s imultaneously p r e s e n t ,  a r e  of n e c e s s i t y  m u l t i p l e s  
of t h e  fundamental frequency even though t h e  s t r i n g  may have 
a  l i t t l e  s t i f f n e s s .  S t i f f n e s s  i n  a  s t r i n g  causes t h e  upper 
p a r t i a l s  without  the  r e p e t i t i v e  motion of t he  bow-string 
contac t  t o  be somewhat h ighe r  than  t h e  s t r i c t  i n t e g r a l  r e l a -  
t i o n s s h i p  of 1-2-3-4-5-6 e t c .  Thus i n  t h e  plucking of p i z z i -  
ca to ,  any s t i f f n e s s  i n  t h e  s t r i n g  causes t h e  h ighe r  p a r t i a l s  
t o  be sharper  than s imple,  o r  i n t e g r a l  mu l t ip l e s  of t h e  
fundament a1 . 

There a r e  o t h e r  important  d i f f e r e n c e s  between t h e  bowed 
and t h e  plucked s t r i n g .  When t h e  s t r i n g  i s  plucked, t h e  p u l l  
of t h e  f i n g e r  c r e a t e s  a  k ink  t h a t  d iv ides  the  s t r i n g  i n t o  
two s e c t i o n s ,  s e t t i n g  up two k inks  o r  d i s c o n t i n u i t i e s  
t r a v e l l i n g  i n  oppos i te  d i r e c t i o n s ,  one t o  t he  nu t  and one 
t o  t he  br idge .  These a r e  t h e  same a s  t h e  modes of  motion of 
t he  up and down bow a c t i o n  i n  t h e  bowed s t r i n g ,  bu t  i n  t h e  
plucked s t r i n g  they a r e  bo th  present  a t  the  same t ime.  This  
s e t s  up a  fo rce  wave ,(Fig. 4 p. 154 ) which d r i v e s  t h e  br idge .  
This fo rce  wave has a  r ec t angu la r  shape which depends e n t i r e l y  
on t h e  p o s i t i o n  of the  plucking po in t  along t h e  s t r i n g .  The 
wave shape of fo rce  from t h e  bowed s t r i n g  on t h e  b r i d g e  i s  
saw-tooth i n  form so t h a t  r e v e r s a l  i s  ins tan taneous  regard- 
l e s s  of the  p o s i t i o n  of t h e  bow on t h e  s t r i n g ,  F i g .  5 a (,,.156). 
I f  plucking occurs  a t  t h e  middle of t h e  s t r i n g  t h e  shape i s  
of a  square wi th  minimal content  of h ighe r  ove r tones ,  Yig .  5  b .  



Fig.  5 .  Vibra t ion  f o r c e s  on the  b r idge  from d i f f e r e n t  s t r i n g  
e x c i t a t i o n s  (from Hutchins,  1 9 7 7 ,  a f t e r  Schel leng) .  
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I f  t he  pluck i s  near  one end of t h e  s t r i n g  a  sha rp  r ec t angu la r  
wave i s  produced t h a t  i s  r i c h  i n  h igh  frequency components, 
(Fig. 5  c, p . 1 5 ~ ) .  I n  t h i s  way a  wider range of t imbre i s  
poss ib l e  by changing t h e  po in t  of plucking than  by changing 
t h e  ~ o i n t  of bowing. The a c t u a l  change, however, i s  somewhat 
l e s s  than  expected because, i n  plucking,  t h e  h igh  frequency 
components tend t o  d i e  out more r a p i d l y  than i n  bowing where 
they a r e  maintained by the  r e p e t i t i v e  s l i p - s t i c k  a c t i o n  of  
t he  bow. 

I n  s p i t e  of t h e i r  f r a i l  s t r u c t u r e ,  t he  ins t ruments  of t h e  
v i o l i n  fami ly  a r e  ab l e  t o  wi ths tand  the  l a r g e  t e n s i o n  of t h e  
s t r i n g s ,  which i n  t he  v i ~ l i n  i t s e l f  t o t a l s  around 50 t o  60 
pounds (25 t o  30 kg) weight and i n  t h e  c e l l o  over  100 pounds 
(50 kg) .  I n  t h e  v i o l i n  t h i s  combined s t r i n g  t e n s i o n  e x e r t s  a 
downward f o r c e  through t h e  br idge  on t h e  top  p l a t e  from 16 t o  
20 pounds (8  t o  10 kg) weight ,  and a  correspondingly l a r g e r  
fo rce  on t h e  c e l l o .  S t r i n g  t ens ion  i s  determined by t h e  l eng th ,  
mass and frequency of t h e  v i b r a t i n g  s e c t i o n  of t h e  s t r i n g ,  and 
i s  independent of o t h e r  f a c t o r s .  I f  a  gu t  s t r i n g  and a  s t e e l  
one have the  same mass per  u n i t  l ength ,  t he  t e n s i o n  w i l l  be 
i d e n t i c a l .  

The bending v i b r a t i o n s  i n  t h e  b r idge  i t s e l f  have been 
s tudied  i n  va r ious  ways over t h e  p a s t  50 yea r s .  A r ecen t  in-  
v e s t i g a t i o n  by W. Reinicke (1973) using hologram i n t e r f e r o -  
metry on v i o l i n  and c e l l o  br idges  mounted on a  f i r m  support  
shows t h a t  t h e r e  a r e  bending moments, which toge the r  wi th  t h e  
mass of b r idge  p a r t s  g ive  Eigenmodes. I n  a  v i o l i n  br idge  such 
Eigenmodes a r e  found around 3000 Hz and 6000 Hz, and i n  a  c e l l o  
br idge  around 985 Hz, 1450 Hz and 2100 Hz, F ig .  6  and 7 (pp.158-159). 
A l l  t h r e e  of t hese  Eigenmodes i n  t h e  c e l l o  b r idge  occur  t o  some 
ex ten t  i n  i t s  l egs .  Every good v i o l i n  maker knows t h a t  tak ing  
even a  l i t t l e  wood off  t h e  l e g s  of a  c e l l o  b r idge  can a f f e c t  
markedly the  response of t h e  ins t rument .  

I n  a d d i t i o n  t o  t he  v i b r a t i o n s  w i t h i n  t h e  b r idge  i t s e l f ,  t h e  
bowed s t r i n g  imparts  a  rocking motion t o  t h e  b r idge  so t h a t  t h e  
f o r c e s  which t h e  two f e e t  of t h e  br idge  e x e r t  downward a r e  i n  
push-pull r e l a t i o n s h i p .  Thus, when one f o o t  of t h e  br idge  i s  
press ing  down t h e  o the r  moves up, i . e .  i n  oppos i t e  phase. 



Fig .  6. I n t e r f e r o g r a m s  and i n t e r p r e t e d  Eigenmodes of a  v i o l i n  
b r i d g e  (Re in icke ,  1973) .  



Fig.  7 .  In te r fe rograms and i n t e r p r e t e d  Eigenmodes of a c e l l o  
br idge  (Reinicke,  1973) . 



The l e s s  a c t i v e  f o o t  of t he  b r idge  r e s t s  n e a r l y  over  t h e  
soundpost which tends t o  s t i f f e n  t h e  top and back p l a t e s  
a t  t h a t  p o i n t ,  C.£. Fig. 1. Thus t h e  soundpost a c t s  some- 
what l i k e  a  fulcrum f o r  t h e  rocking motion-of  t h e  b r idge ,  
p a r t i c u l a r l y  i n  t h e  lower oc taves .  This  rocking motion 
causes important changes i n  t h e  v i o l i n  body t o  occur  i n  
s t e p  w i t h  t h e  l e f t  f o o t  of t h e  br idge .  Under c e r t a i n  
f avo rab le  condi t ions  t h e  top and back p l a t e s  can  move in- 
ward and outward r e s p e c t i v e l y  a t  a  g iven  moment. Then, 
almost t h e  e n t i r e  su r f ace  of t h e  instrument  coopera tes  
t o  change t h e  volume of t h e  d i sp l aced  a i r ,  thus  resembling 
the  s u r f a c e  of an expanding and con t r ac t ing  sphere a t  cer-  
t a i n  low f requencies .  

The rocking motion of the  b r idge ,  i n  a d d i t i o n  t o  be ing  
a f f e c t e d  by t h e  bassbar  and soundpost, i s  cons t r a ined  by the  
s t i f f n e s s  of t h e  wood between t h e  soundholes,  o r  f -holes .  
These ho le s  have two chief  a c o u s t i c a l  func t ions .  F i r s t  t o  
reduce t h e  s t i f f n e s s  of the  f l o o r  on which t h e  b r idge  s t ands .  
Second, t o  form a Helmholtz resonator .  The f-shaped ho le s  i n  
ins t ruments  of t h e  v i o l i n  family a r e  no t  only b e a u t i f u l  i n  
design,  b u t  func t ion  t o  f r e e  t h e  wood between them from a t o o  
r i g i d  anchoring t o  t h e  nearby r i b s .  A t  t h e i r  upper openings 
t h e  wood d i s t a n c e  between the  sound ho le s  i s  about t h e  same 
as  t h e  width of t he  o u t s i d e  of t h e  b r idge  f e e t  f o r  a  
p a r t i c u l a r  instrument .  Together wi th  the  w a l l s  of t h e  v i o l i n  
box, t he  soundholes func t ion  t o  form a Helmholtz r e sona to r ,  
o r  chamber which resonates  t o  s p e c i f i c  f r equenc ie s .  I n  a  
resonat ing  cav i ty  wi th  f l e x i b l e  w a l l s ,  such a s  t h e  box of 
t h e  v i o l i n ,  i t  i s  no t  poss ib l e  t o  c a l c u l a t e  t h e  frequency 
of the  Helmholtz resonance based simply on t h e  volume of 
a i r  enclosed and the  equiva len t  a r e a  of t h e  f-holes .  The 
f l e x i b i l i t y  o r  compliance of t h e  wa l l s  must be taken  i n t o  
account.  For example, t he  frequency of the'  Helmholtz 
resonance of a  mezzo v i o l i n  under cons t ruc t ion  was found a t  
227 Hz wi thout  t h e  soundpost. With the  s t i f f e n i n g  e f f e c t  of 
t he  i n s e r t i o n  of t he  soundpost t h e  frequency of t h i s  resonance 
went up t o  282 Hz (Hutchins 1974),  

C h a r a c t e r i s t i c a l l y  i n  instruments  such a s  t h e  v i o l i n ,  
whose Helmholtz resonance suppor ts  a  simple source ,  t h e  
Helmholtz mode i s  t he  lowest mode t h a t  produces a c t u a l  rad ia-  
t i o n  of any importance. The t imbra l  impression tends  t o  imply 
peaks a t  lower f requencies ,  when t h e  s t r i n g  i s  bowed a t  lower 
fundamentals. However, t h i s  impression a r i s e s  from resonance 



a t  harmonics ,  n o t  t h e  fundamental .  The human e a r  acknowledges 
t h e  harmonics ,  b u t  m i s t a k e n l y  c r e d i t s  them t o  t h e  fundamental .  
For example, t h e  s t r o n g  resonance  n e a r  A 4 (440 Hz) i n  t h e  
v i o l i n  r e i n f o r c e s  t h e  second harmonic when t h e  G s t r i n g  i s  
bowed a t  A 3 (220 Hz). Saunders' "Loudness T e s t "  ( F i g .  8, 
lower p a r t )  t a k e s  t h i s  s u b j e c t i v e  e f f e c t  i n t o  account  i n  
t h a t  it i m i t a t e s  t h e  s u b j e c t i v e  p rocess :  A s c a l e  i s  p layed  
on t h e  v i o l i n .  The r e s u l t i n g  sound i s  p icked  up by a micro- 
phone and recorded  by a sound l e v e l  m e t e r ,  which adds  r e s p o n s e s  
o f  harmonics t o  t h a t  of t h e  fundamental .  The r e s u l t  i s  t h a t  o n e  

F i g .  8. Response curve  of a v i o l i n  o b t a i n e d  w i t h  s i n u s o i d a l  
e x c i t a t i o n  (upper p a r t )  and "Saunders Loudness curve"  
o b t a i n e d  w i t h  hand bowing ( lower  p a r t ) .  



p l o t s  t h e  sum of t hese  a s  a func t ion  of t he  played fundamental 
frequency. Narrow band t e s t s  made with s i n u s o i d a l  v i b r a t i o n  do 
not  show t h i s  e f f e c t ,  a s  can be seen i n  Fig.  8 upper  p a r t .  Thus 
a l l  response curves made wi th  a sweeping s i n u s o i d a l  input  show 
t h e  Helmholtz a i r  resonance a s  t h e  lowest i n  f requency  of t h e  
instruments  of t h e  v i o l i n  family,  a s  we l l  a s  o t h e r  bowed and 
plucked ins t ruments ,  s e e  Fig.  8 (p.159 ) upper p a r t .  

Various r e sea rche r s  from F e l i x  Savar t  t o  t h e  p r e s e n t  have 
worked on t h e  e f f e c t  of t h e  inne r  a i r  on thc: tone  of t h e  
v i o l i n .  F.A. Sannders found t r a c e s  of h ighe r  a i r  modes bu t  
concluded t h a t  they a r e  of l i t t l e  s i g n i f i c a n c e  i n  t h e  t o n a l  
behavior  of t he  v i o l i n .  He a l s o  worked on t h e  i d e a  t h a t  t h e  
i n s i d e  a i r  volume c o n s i s t s  of  two coupled c a v i t i e s ,  bu t  
could n o t  f i n d  enough s t r o n g  evidence t o  support  h i &  theory .  
The genera l  conclusion has  been t h a t  t h e  motion of t h e  a i r  
through t h e  f-holes  a t  t h e  frequency of t he  Helmholtz 
resonance i s  t h e  predominating one, and energy i n  h ighe r  a i r  
modes i s  absorbed by the  wood r a t h e r  than  r a d i a t e d .  

Recently E.V. Jansson has done a s e r i e s  of d e f i n i t i v e  
experiments on a r i g i d  wa l l  violin-shaped box. They showed 
t h a t  below 2 kHz t h e r e  a r e  seven a i r  modes above t h e  Helm- 
h o l t z .  Fig.  9, 
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Fig .  9 .  Seven lowest Eigenmodes of a c losed  v i o l i n  shaped 
c a v i t y  (Jansson, 1973).  



Fig. 10. Sine-response curve with driving coil on bridge and 
the microphone 36 cm off the top plate and inter- 
ferograms at peaks of vibration of a complete violin. 
In the interferograms the violin is shown as normally 
seen with the bass bar to the left and the soundpost 
to the right in the top plate and the soundpost to 
the left in the back plate (SUS 180, response curve 
by Hutchins, and interferograms by Stetson & Taylor). 



These a i r  modes a r e  a f f e c t e d  t o  a  g r e a t e r  o r  l e s s e r  degree 
by t h e  f-holes,  depending on t h e  geometry of t he  f-holes  
and t h e  box. He a l s o  concluded t h a t  t he  a i r  volume a c t s  
e s s e n t i a l l y  l i k e  two coupled c a v i t i e s ,  Moreover, i n  a  
normal v i o l i n  t h e r e  i s  a t  l e a s t  one h ighe r  a i r  mode t h a t  
i s  s u f f i c i e n t l y  coupled t o  wa l l  v i b r a t i o n s  t h a t  even though 
it  does no t  r a d i a t e  through t h e  f-holes ,  i t s  a c o u s t i c a l  load 
on t h e  v i b r a t i o n s  of the  v i o l i n  body may be important .  

The Eigenmodes of t h e  v i o l i n  body under c e r t a i n  condi t ions  
have been v i s u a l i z e d  by hologram in t e r f e rome t ry  bo th  i n  Stock- 
holm by E. Jansson, N.-E. Molin and H. Sundin and by K.A. 
S t e t s o n  and P.A. Taylor  i n  Teddington, England. Fig.  10 
(p.163 ) shows one of S t e t sonas  s t u d i e s  compared wi th  a  
response curve of the  same v i o l i n  made i n  my t e s t  l abo ra to ry .  
These v i b r a t i o n  p a t t e r n s  i n d i c a t e  t h e  motions i n  t h e  wood 
of t h e  instrument  which couple more o r  l e s s  t o  t h e  surround- 
i ng  a i r  i n  var ious  ways, thus  t r a n s m i t t i n g  t h e  sounds t o  
ou r  e a r s .  Current ly s t u d i e s  of such Eigenmodes of  t h e  v i b r a t -  
i n g  v i o l i n  and t h e  r e s u l t i n g  r a d i a t i o n s  , both phase and 
ampli tude,  a r e  being s tud ied  by Weinreich a t  t h e  Un ive r s i t y  
of Michigan. 

The t r a n s f e r  of energy from bow-to-string-to-bridge-to 
violin-box- and enclosed a i r  and thence t o  t h e  surrounding 
a i r  a s  a c o u s t i c  r a d i a t i o n  has been observed and measured i n  
many ways f o r  over  100 years .  Yet t h e  process  i s  s t i l l  no t  
completely understood. It i s  a  process  t h a t  i s  l e s s  than  
1 % e f f i c i e n t ,  with most of the  energy imparted t o  t he  
s t r i n g  from t h e  bow d i s s i p a t e d  i n  h e a t  be fo re  it emerges 
a s  a c o u s t i c  r a d i a t i o n  i n  t he  a i r  t r a n s m i t t i n g  t h e  love ly  
tones of  t he  v i o l i n  t o  t h e  e a r s  of t he  l i s t e n e r .  
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I V  TUNING O F  V I O L I N  PLATES 

Vio l in  makers t r a d i t i o n a l l y  have worked t o  o b t a i n  a  "good 
sound", sometimes descr ibed as  a  "c l ea r  f u l l  r ing"  o r  " tap 
tone" from t h e  top and back p l a t e s  of a  v i o l i n  be fo re  g lu ing  
them t o  t h e  r i b s  of t h e  f i n i s h e d  instrument .  Once t h e  a rch ing  
contours of  both top and back p l a t e s  a r e  completed on t h e  out- 
s i d e  wi th  t h e  p u r f l i n g  i n s t a l l e d  and t h e  edges c o r r e c t l y  
shaped, t he  v i o l i n  maker begins t o  hold and t a p  t h e  f r e e e  
p l a t e  a t t  d i f f e r e n t  p o i n t s ,  l i s t e n i n g  f o r  va r ious  sounds. As 
the  wood of t he  i n s i d e  i s  gradual ly  carved away wi th  c h i s e l ,  
p lane  and sc rape r ,  c e r t a i n  sounds begin t o  predominate. V io l in  
making p r a c t i c e  has l e d  t o  the  establ ishment  of average over- 
a l l  th ickness  contours ,  depending somewhat on wood q u a l i t y ,  
of the top  and back p l a t e s  toward which t h e  maker works. The 
th icknesses  of a  nea r ly  f i n i s h e d  top p l a t e  might vary  from 
2 t o  4 mm and those of a  back p l a t e  from 2 t o  6 mm. A s  a  
given p l a t e  approaches these  th icknesses ,  t h e  t r a i n e d  maker 
not  only t a p s  and l i s t e n s  f o r  c e r t a i n  sounds, b u t  f l e x e s  t h e  
wood i n  t h i s  hands, f e e l i n g  f o r  i t s  var ious  s t i f f n e s s  charact-  
e r i s t i c s .  The knowledge of the  proper  f e e l  of t h e  bending wood 
i n  h i s  hands and the sounds t o  l i s t e n  f o r  a r e  important s k i l l s  
f o r  t h e  t r a i n e d  v i o l i n  maker, which take  l i t e r a l l y  y e a r s  t o  
l e a r n  and a r e  d i f f i c u l t  t o  communicate t o  another  person,  f o r  
even a  ha l f -mi l l imeter  change i n  c e r t a i n  p l a t e  th icknesses  can 
make the  d i f f e r e n c e  betweeen a  f i n e  sounding and a  mediocre 
instrument .  

J u s t  what i s  t h e  v i o l i n  maker hear ing  and f e e l i n g  a s  he t a p s  
and f l e x e s  t h e  nea r ly  f i n i shed  v i o l i n  p l a t e ?  What a r e  t h e  physi- 
c a l  c h a r a c t e r i s t i c s  of the bending v i b r a t i o n s  i n  t h e  b e a u t i f u l l y  
carved s h e l l - l i k e  p i ece  of wood t h a t  he holds  i n  h i s  hands? 
How can t h e  master  v i o l i n  maker-s i n s t u i t i v e  knowledge be 
measured and what a r e  t he  phys ica l  mechanisms t h a t  can make 
such a  d i f f e r ence  i n  t he  sounds of t h e  f i n i s h e d  v i o l i n ?  
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Fig .  3 .  G l i t t e r  p a t t e r n s  (upper  row) and i n t e r f e r o g r a m s  
( lower  row) of some modes of a  f r e e  back p l a t e  
( v i o l i n  SUS 181, i n t e r f e r o g r a m s  by c o u r t e s y  of 
K.A. S t e t s o n ) .  

11 c r o s s  mode" have been found t o  be t h e  most h e l p f u l  i n  measur- 
i n g  and judg ing  t h e  r e s o n a n t  c h a r a c t e r i s t i c s  o f  f r e e  v i o l i n  
t y p e  p l a t e s .  

To g e t  a  p a i r  of v i o l i n  p l a t e s  ready  f o r  t u n i n g ,  t h e  o u t s i d e  
a r c h e s  of b o t h  t o p  and back shou ld  b e  comple te ly  f i n i s h e d ,  
sc raped  smooth and t h e  p u r f l i n g  i n s t a l l e d  b u t  w i t h o u t  f - h o l e s .  
Also t h e  i n s i d e  gouging and p l a n i n g  should be  done roughly  t o  
somewhat t h i c k e r  d imensions  t h a n  planned f o r  f i n a l  p l a t e  t h i c k -  
n e s s e s .  For  example, a  v i o l i n  t o p  p l a t e  cou ld  be  b r o u g h t  t o  
4 mm a l l  o v e r  and t h e  back p l a t e  t o  4 mm i n  t h e  upper  and lower 
a r e a s  and 6 mm between t h e  C b o u t s .  An e x p e r i e n c e d  maker can 
work c l o s e r  t o  f i n a l  t h i c k n e s s e s  t h a n  t h i s ,  b u t  a t  f i r s t  i t  i s  
s a f e  t o  s t a r t  t h i s  way. 

Tuning t h e  t o p  p l a t e  

A t  t h i s  s t a g e  t h e  v i o l i n  t o p  p l a t e  i s  mounted u p s i d e  down l i k e  
a d i s h  o v e r  t h e  speaker  cone on t h e  f o u r  s o f t  foam pads ,  one n e a r  
each c o r n e r .  The i n s i d e  s u r f a c e  i s  s p r i n k l e d  w i t h  f l a k e ,  t h e  
r i n g  mode shou ld  be found somewhere between 350 t o  450 Hz. The 
more even and t h e  more i d e a l  t h e  r e a l t i o n s  between t h e  a rch-  
i n g s  and t h e  t h i c k n e s s  g r a d u a t i o n s  a r e ,  t h e  c l e a r e r  t h i s  mode 
w i l l  be .  The g l i t t e r  p a t t e r n s  shou ld  look l i k e  t h o s e  i n  



F i g .  4 and 5.  I n  F i g .  4 t h e  p a t t e r n s  a r e  shown of mode No 5 of 
t e n  d i f f e r e n t  t o p  p l a t e s ,  which v a r y  i n  t h i c k n e s s ,  a r c h h e i g h t  
and shape  of a r c h .  A l l  t e n  p l a t e s  have b a s s b a r s  i n s t a l l e d  and 
tuned.  The nodal  l i n e s  a r e  somewhat d i f f e r e n t  b e c a u s e  of t h e  
d i f f e r e n t  c h a r a c t e r i s t i c s  of t h e  p l a t e s .  N o t i c e  t h a t  one p l a t e  
h a s  no f - h o l e s .  F ig .  5 shows t h e  g l i t t e r  p a t t e r n s  f o r  mode No 
2 of t h e  same p l a t e s .  

F ig .  4 .  G l i t t e r  p a t t e r n s  of mode No 5 ( t h e  ringmode) of 
10 d i f f e r e n t  b u t  tuned f r e e  v i o l i n  t o p  p l a t e s  
( c o u r t e s y  of G .  B i s s i n g e r ) .  

F i g .  5.  G l i t t e r  p a t t e r n s  of mode No 2 of 10 d i f f e r e n t ,  
b u t  tuned v i o l i n  t o p  p l a t e s  ( t h e  same p l a t e s  a s  
i n  f i g .  7 ,  c o u r t e s y  of G. B i s s i n g e r ) .  
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As t h e  wood i s  brought  down n e a r e r  t o  i d e a l  t h i c k n e s s e s  t h e  
f requency  of t h i s  mode w i l l  d e c r e a s e .  The t h i n n e r  t h e  wood, 
t h e  l e s s  s t i f f  and t h e  lower t h e  f requency o f  i t s  resonan t  
modes, 

I n  l e a r n i n g  t o  use  t h e  method i t  i s  i n t e r e s t i n g  t o  f i r s t  
t h i n  t h e  whole lower s e c t i o n ,  t h e n  t h e  upper ,  and t h e n  t h e  
a r e a  between t h e  C-bouts, t e s t i n g  and watching t h e  mode shape 
change under v a r y i n g  s t i f f n e s s e s  i n  d i f f e r e n t  p a r t s  of t h e  
p l a t e .  When t h e  t o p  p l a t e  h a s  been brought  t o  d e s i r e d  t h i c k -  
n e s s e s ,  t h e  f requency and shape of t h e  r i n g  mode shou ld  be  
recorded .  The t h i c k n e s s e s  p r e f e r r e d  depend on wood q u a l i t y  
b u t  a l s o  on g iven  v i o l i n  making p r a c t i c e .  T y p i c a l  measures 
f o r  t h e  normal 14" (36 cm) v i o l i n  a r e  2.5 mm a l l  over  t h e  
lower a r e a ,  2.0 a l l  over  t h e  upper ,  and 3  t o  3.5 between t h e  
C-bouts. The nex t  s t e p  i s  t o  c u t  t h e  f -ho les  and t e s t  a g a i n .  
Then t h e  b a s s b a r  i s  i n t a l l e d  l e a v i n g  i t s  c o n t o u r s  somewhat 
h i g h e r  t h a n  f i n a l  dimensions.  The o f f - c e n t e r  b a r  complete ly  
u p s e t s  t h e  n i c e  s y m e t r i c a l  shape o f  t h e  r i n g  mode and r a i s e s  
i t s  f requency .  However, i t  i s  p o s s i b l e t o  g e t  t h e  r i n g  mode 
back t o  n e a r  symmetry. Th is  can be achieved by g r a d u a l l y  
shap ing  t h e  b a r ,  t h i n n i n g  i t  and lwoer ing  i t s  h e i g h t  i n  a  
s e r i e s  of s t a g e s ,  f i r s t  t h e  upper s e c t i o n ,  t h e n  t h e  lower ,  
t h e n  t h e  middle .  A l l  t h e  t ime  t h e  mode changes a r e  repea ted-  
l y  checked r e g a r d i n g  b o t h  shape and ampl i tude ,  which i s  
judged by t h e  h e i g h t  o f  t h e  bouncing p a r t i c l e s .  

F i g .  6 (p .172)  compares g l i t t e r  p a t t e r n s  b e f o r e  t h e  bass -  
b a r  h a s  been g lued  t o  t h e  t o p  p l a t e  of an  a l t o  (upper s e r i e s )  
and a f t e r  t h e  b a s s b a r  h a s  been mounted and tuned  ( lower  
s e r i e s .  Note t h a t  t h e  r i n g  mode a t  173  Hz i s  v e r y  symmetr ical  
wi thou t  b a s s b a r .  With t h e  b a s s b a r  i n s t a l l e d  and shaped down, 
t h i s  mode can be  b rought  back t o  n e a r  symmetry, w i t h  t h e  noda l  
l i n e s  n e a r  t h e  f o u r  c o r n e r s .  However, i t s  f requency  t h e r e b y  
changed from 173 Hz up t o  227 Hz. 

I t  t h e r e  i s  no f i l l e r  o r  v a r n i s h  on t h e  o u t s i d e  of t h e  
p l a t e ,  p a r t i c u l a r l y  t h e  top ,  where t h e  c r o s s - g r a i n  s p r u c e  
i s  s t i f f e n e d  markedly by t h e  c o a t i n g s ,  i t  i s  w e l l  t o  l e a v e  
t h e  b a s s b a r  s l i g h t l y  h i g h e r  t h a n  optimum t o  o f f s e t  t h e  sub- 
sequen t  s t i f f e n i n g  e f f e c t s  of t h e  c o a t i n g s .  "Optimum" i n  
t h i s  c a s e  has  been found t o  be when t h e  nodal  l i n e s  of t h e  



r i n g  mode i n t e r s e c t  t h e  f o u r  c o r n e r s  o f  t h e  p l a t e  a s  i n  
F i e .  7 ,  

F i g .  7 .  E f f e c t  of v a r n i s h  on mode No 5: b e f o r e  v a r n i s h i n g  
( d o t t e d  l i n e s )  and a f t e r  v a r n i s h i n g  t h e  g l i t t e r  
p a t  t e r n .  

Coat ings  o f  b o t h  f i l l e r  and v a r n i s h  on t h e  o u t s i d e  o f  t h e  
p l a t e s  n o t  on ly  add mass, b u t  c o n s i d e r a b l y  s t i f f n e s s  a s  w e l l ,  
depending on t h e  q u a l i t y  o f  t h e  v a r n i s h .  Added s t i f f n e s s  t e n d s  
t o  change t h e  modes o f  top  and back p l a t e s  d i f f e r e n t i a l l y .  
The c r o s s g r a i n  s p r u c e  o f  t h e  t o p  b e i n g  t h e  most f l e x i b l e  i s  
most af  f e c t e d .  Thus mode No 2 i n  t h e  top  p l a t e  i n c r e a s e s  i n  
f requency ,  sometimes a s  much a s  10 t o  15 H z ,  depend ing  on t h e  
s t i f f n e s s  o f  t h e  c o a t i n g s  and t h e  c r o s s g r a i n  s t i f f n e s s  o f  t h e  
wood.Mode No T i n  t h e  t o p  p l a t e  u s u a l l y  i n c r e a s e s  o n l y  about 
3 t o  5 Hz, b u t  w i l l  t end  t o  g e t  detuned because  t h e  wood of 
t h e  p l a t e  i s  s t i f f e n e d  by t h e  c o a t i n g s ,  w h i l e  t h e  b a s s b a r  i s  
n o t .  The back p l a t e ,  b e i n g  somewhat t h i c k e r  and l e s s  i s o t r o p i c ,  
i s  l e s s  a f f e c t e d  f o r  b o t h  modes No 2 and NO 5 t h a n  t h e  t o p  p l a t e  
The e f f e c t  o f  v a r n i s h  i s  c o n s i d e r a b l e  as can be s e e n  from t h e  
g l i t t e r  p a t t e r n s  and f requency  r e s p o n s e s ,  s e e  F i g .  8. ( D .  175) .  



V A R N I S H  

F i g .  8. E f f e c t  of v a r n i s h  on modes No 5  and No 2 (EM 5 
and 2),mass and f requency r e s p o n s e  o f  a  b a s s  
back p l a t e  ( r e l a t i v e  humidi ty  50 % ) :  w i t h  f i l t e r  
o n l y ,  1793 g ,  EM 5 a t  89 H z  and EM 2 a t  36 H z  
(upper  row),  f o u r  c o a t e s  of v a r n i s h ,  1855 g  be- 
f o r e  t u n i n g  EM 5 a t  93 H z  and EM 2 a t  37  H z  
(middle  row),  and a f t e r  r e t u n i n g  E 5 a t  88 Hz and 
EM 2 a t  35 H z  ( lower  row). 



Thus we f i n d  i t  d e s i r a b l e  t o  p u t  f i l l e r  and a t  l e a s t  two c o a t s  
o f  " tuning"  v a r n i s h  on t h e  o u t s i d e  of b o t h  p l a t e s  b e f o r e  f i n a l  
t u n i n g .  T h i s  t h e n  i s  rubbed back a lmost  t o  t h e  wood b e f o r e  
f i n a l  v a r n i s h  i s  a p p l i e d  t o  t h e  completed i n s t r u m e n t .  

Changes i n  r e l a t i v e  humidi ty  a l s o  a f f e c t  t h e  p l a t e  modes 
d i f f e r e n t i a l l y .  A p a i r  o f  p l a t e s  ready f o r  f i n a l  t u n i n g  s h o u l d  
be k e p t  t o g e t h e r  i n  a s  c o n s t a n t  c o n d i t i o n s  o f  humidty and 
t e m p e r a t u r e  a s  p o s s i b l e  f o r  a t  l e a s t  a  week, p a r t i c u l a r l y  i f  
humid i ty  i s  i n c r e a s i n g . F r y x e l 1  (1965) has  shown t h a t  m o i s t u r e  
a b s o r p t i o n  by v i o l i n  p l a t e s ,  whe ther  coa ted  on one s i d e  o r  n o t ,  
w i l l  absorb  mois tu re  v e r y  s lowly  (over  a  p e r i o d  o f  many months) 
b u t  w i l l  l o s e  i t  q u i c k l y  ( w i t h i n  48 h o u r s ) .  I f  t h e  p l a t e s  a r e  
i n  t h e  p r o c e s s  o f  humidi ty  change, c o n s i d e r a b l e  i n t e r n a l  s t r e s s  
i s  s e t  up w i t h i n  t h e  wood c a u s i n g  t h e  modes t o  v a r y  wide ly .  
F i g .  9 shows measurements made by Rex Thompson (1979) on a  p a i r  
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RELATIVE HUMIDITY ( '10)  

Fig .  9 .  E f f e c t  of humidi ty  on t h e  f requency  of modes No 5 
and No 2 f o r  t h e  two p l a t e s  of Mezzo V i o l i n  SUS 
108 (from Thompson & Hutch ins ,  1978) .  



of tuned mezzo v i o l i n  p l a t e s  t h a t  had had f i l l e r  and va rn i sh  
on f o r  two yea r s .  The e f f e c t  of changes i n  r e l a t i v e  humdity 
i s  a l s o  cons iderable  on v i b r a t i o n  p a t t e r n s  and frequency 
resDonses, s ee  F i g .  10. 

F ig .  10. E f fec t  of r e l a t i v e  humidity (RH) on mode No 5 mass 
and frequency response of a bas s  back p l a t e :  50 % 
RH, 1793 g and 89 Hz (upper row), 70 % and 86 Hz 
(middle row), and 85 % RH, 1825 g and 80 Hz (lower 
row). 



5 i s t e n i n g  and f e e l i n g  

During a l l  t h e  process  descr ibed  above i t  i s  we l l  t o  check 
t h e  sound of t he  p l a t e  and t h e  f e e l  of i t  i n  one's f i n g e r s .  
Not ice  when hold ing  and tapping ,  t h a t  ho ld ing  t h e  p l a t e  on 
t h e  nodal l i n e  (where t h e  f l a k e s  p i l e  up) and tapping  i n  t h e  
c e n t e r  of an a c t i v e  a r e a  produce the  b e s t  sounds. Th i s  i s  
somewhat l i k e  mounting a seesaw i n  the  middle and pushing a t  
one end. One s i d e  goes up and t h e  o t h e r  down around t h e  hold- 
i n g  o r  nodal p o i n t .  

Mode No 1, ( see  F ig .  1 p. 166 upper l e f t ) ,  can be  heard 
b e s t  by holding t h e  p l a t e  on i t s  c e n t e r  l i n e  and tapping  t h e  
s i d e  of t h e  upper o r  lower bout .  Mode No 2  (Fig.  1 p .  166 upper 
second) sound b e s t  when t h e  holding po in t  i s  a t  an edge where 
one of i t s  nodal l i n e s  i n t e r s e c t s  and t h e  tapping  done a t  t h e  
middle of t h e  bottom o r  t op  edge. Mode No 5  (Fig.  1 p .  166 upper 
f o u r t h )  can be heard c l e a r l y  by holding on i t s  nodal l i n e  and 
tapping i n  t h e  center  of t h e  p l a t e ,  o r  around t h e  edge. 

I f  t h e  p l a t e  i s  he ld  where t h e  nodal l i n e s  of  bo th  mode 
NO 5  and No2 i n t e r s e c t ,  t he  two sounds a r e  heard c l e a r l y .  
This  i s  u sua l ly  the  way the  v i o l i n  maker holds and t a p s  t h e  
p l a t e  f o r  t h a t  c l e a r  f u l l  r i n g .  I f  modesNo5 andNo 2  happen 
t o  b e  an oc t ave  apa r t  a  very c l e a r  f u l l  r i n g  i s  heard .  Whether 
o r  no t  t h i s  i s  an important  r e l a t i o n s h i p  f o r  good tone  i n  t h e  
f i n i s h e d  instrument  has  not  y e t  been determined. 

v i o l i n  makers a l s o  check the  bending s t i f f n e s s  of  t h e  upper 
and lower p l a t e  a r eas  by squeezing f i r s t  one end and then  t h e  
o t h e r  c ross -gra in  between t h e  thumb and t h e  f i n g e r s  of both 
hands, i n  an e f f o r t  t o  a t t a i n  s i m i l a r  s t i f f n e s s e s  i n  t h e  upper 
and lower p l a t e  a r eas .  Some even l a y  the  p l a t e  o u t s i d e  up on  
a  f l a t  su r f ace  and p l ace  a  shal low d i sh  of water  on t h e  out- 
s i d e  of t h e  a rch  f i r s t  on t h e  lower a r e a  a t  one end and then  
on t h e  upper. By pushing gen t ly  on the  a rch  and observ ing  t h e  
motion of t he  water  t h e  r e l a t i v e  s t i f f n e s s e s  of t h e  lower and 
upper p l a t e  a r eas  can be compared. 

Mode No2, t he  c ros s  mode, i s  very use fu l  i n  checking t h e s e  
r e l a t i v e  s t i f f n e s s e s  of t he  upper and lower a r eas  of a  p l a t e .  
The frequency of mode No 2  i s  u sua l ly  somewhere nea r  h a l f  t h a t  
of mode NO 5 . I n  s e t t i n g  up t o  t e s t  Eor t h i s  mode, t h e  fou r  foam 
pads must be placed where t h e  nodal l i n e s  i n t e r s e c t  t h e  edges, 



w i t h  t h e  s p e a k e r  under  t h e  a n t i n o d a l  a r e a  o f  one end o r  t h e  
o t h e r ,  NOT under  t h e  middle  o f  t h e  p l a t e .  The shape  and a c t i v -  
i t y  of t h e  upper  and lower s e c t i o n s  of t h i s  mode g i v e  an  
e x c e l l e n t  i n d i c a t i o n  of t h e  r e a l t i v e  s t i f f n e s s e s  i n  t h e  two 
p l a t e  a r e a s ,  Th i s  i s  i l l u s t r a t e d  i n  F ig .  11. 

F i g .  11. E f f e c t s  of v i b r a t i o n  b a l a n c e  of f r e e  v i o l i n  back 
p l a t e s  on mode No 2  ( l e f t )  and mode No 5 ( r i g h t ) :  
a )  p l a t e  g r a d u a t i o n s  w e l l  ba lanced  , b )  t o o  s t i f f  
upper a r e a  g i v e s  wide nodes of mode No 2 i n  upper  
a r e a  (middle p a i r ) ,  and c )  t o o  t h i c k  a r e a  between 
t h e  C-bouts g i v e s  nodal  l i n e s  t o o  l o n g  and o f f  t h e  
edge of mode No 5 i n  upper p a r t  ( r i g h t  p a i r ) .  

Both good v i o l i n  making p r a c t i c e  and t h e  u s e  o f  t h i s  method 
f o r  o v e r  t e n  y e a r s  i n  t h e  making o f  n e a r l y  100 i n t r u m e n t s  in-  
d i c a t e  t h a t  t h e  upper a r e a  o f  a  g iven  p l a t e  s h o u l d  be  about  
0.5 mm l e s s  i n  t h i c k n e s s  t h a n  t h e  lower t o  a t t a i n  s i m i l a r  s t i f f -  
n e s s e s ,  s i n c e  t h e  lower p l a t e  a r e a  i s  u s u a l l y  l a r g e r  t h a n  t h a t  
o f  t h e  upper .  Only i n  t h e  b i g  v i o l a  p a t t e r n  of Gasparo de  S a l o  
have t h e  upper and lower  a r e a  p l a t e  t h i c k n e s s e s  t u r n e d  o u t  t o  
be  t h e  same. But h e r e  t h e  two a r e a s  a r e  about  t h e  same s i z e  
a l s o .  On t h e  o t h e r  hand i n  t h e  S t r a d i v a r i u s  v i o l a  p a t t e r n  
where t h e  upper  a r e a  i s  much s m a l l e r  t h a n  t h e  l o w e r ,  t h e  upper  
t u r n s  o u t  t o  be n e a r l y  1 . 0  mm l e s s  t h i c k  when t h e  p l a t e  i s  
w e l l  tuned.  

Tuning t h e  back   late 

Once t h e  top  p l a t e ,  complete  w i t h  b a s s b a r  and f - h o l e s ,  h a s  
been brought  t o  "optimum" c o n d i t i o n ,  t h e n  a  s imilar  p r o c e s s  
o f  t h i n n i n g  and t e s t i n g  f o r  modes No 2 and No 5 i s  a p p l i e d  t o  
t h e  back p l a t e .  Here t h e  i m p o r t a n t  t h i n g s  t o  work f o r  a r e  a  
c l o s e d  r ing-shape f o r  mode No 5 w i t h  h i g h  a m p l i t u d e ,  and a 
ba lanced  upper  and lower mode shape f o r  No2. Also  t h e  f requency  



of mode No5 i n  the  back p l a t e  should be w i t h i n  a  tone  of mode 
No 5 i n  t h e  f i n i s h e d  top p l a t e .  The reason f o r  f i n i s h i n g  t h e  
top  p l a t e  f i r s t  i s  t h a t  i t  i s  e a s i e r  t o  lower t h e  frequency 
of t h e  back p l a t e  t han  t o  a d j u s t  t he  frequency of t h e  top  
p l a t e  w i t h  t h e  bassbar  i n .  Sometimes t h e  nodal l i n e  of mode 
No 5 remains an off-s ided ova l ,  which i s  probably due t o  t he  
tilt o r  skew of t h e  wood g r a i n  i n  t h e  two ha lves  being d i f -  
f e r e n t .  This  does not seem t o  a f f e c t  t h e  tone of t h e  f i n i s h e d  
instrument  adverse ly  though. However, i f  t h e  r i n g  shape of 
mode No 5 i s  not  closed i n  t h e  upper a r e a ,  c a r e f u l  checks 
should be made by means of mode No 2 t o  ba lance  t h e  s t i f f -  
nesses .  

Where t o  t a k e  o f f  wood? 

This  i s  t h e  g r e a t e s t  problem i n  t h e  th inning  and tuning  
process .  To understand some of t h e  mechanisms involved i t  
i s  most h e l p f u l  t o  look a t  the  in te r fe rograms of a  p a i r  of 
v i o l i n  p l a t e s .  Fig. 1 shows t h e  mode sequence of t h e  f i r s t  
seven modes of a  v i b r a t i n g  top and back p l a t e .  The top  p l a t e  
was "well tuned", included f -holes  and bassbar  and was 
measured f r e e .  I n c i d e n t a l l y  mode No 4 i s  missing i n  t h e  top 
p l a t e  sequence. 

I n  t h e  in te r fe rograms,  t he  nodal l i n e s ,  o r  a r e a s  of  no 
motion a r e  i nd ica t ed  by l a r g e  wh i t e  s e c t i o n s , ( w h i l e  i n  t h e  
p a r t i c l e  p a t t e r n s  they a r e  b l ack ) ,  as  was mentioned above. 
It was a l s o  mentioned t h a t  t he  a c t i v e l y  v i b r a t i n g  an t inoda l  
a r eas  appear  a s  a  s e r i e s  of a l t e r n a t i n g  dark and l i g h t  bands 
which i n d i c a t e  the  amount of v i b r a t i o n  o r  bending a t  t h i s  
frequency over  the e n t i r e  p l a t e .  The c l o s e r  t h e  l i n e s ,  the  
g r e a t e r  t h e  change of v i b r a t i o n  between ad jacent  p o i n t s .  
Bending occurs  where t h e  l i n e s  change from c l o s e r  t o  wider 
spacing,  i n d i c a t i n g  a  curving of t h e  p l a t e .  Equal spacing 
of t he  l i n e s  i n d i c a t e s  a  s t r a i g h t  s lope  of v i b r a t i o n ,  f o r  
i n s t ance  t h e  up and down motion of a  seesaw around i t s  nodal 
p o i n t ,  i . e .  t r a n s l a t i o n .  

But how does t h i s  i n d i c a t e  where t o  remove wood? I f  a  
lower frequency i s  des i r ed  f o r  a  c e r t a i n  mode, t hen  t h e  wood 
should be thinned i n  the  a r eas  of  g r e a t e s t  bending f o r  t h a t  
mode. I f  a  h ighe r  frequency, then  wood should be removed from 
a  non-bending a r e a  of t h a t  p a r t i c u l a r  mode. Removal of mass 
(wood) r a i s e s  frequency, while  reduct ion  of s t i f f n e s s  lowers 
frequency. 



Reducing t h e  th ickness  of a p l a t e  a t  any p o i n t  reduces 
l o c a l l y  both s t i f f n e s s  and mass; however, t he  e f f e c t  on 
frequency a t  which t h e  p l a t e  as  a whole v i b r a t e s  depends 
on whether v i b r a t i o n  a t  t h a t  po in t  i s  (1) predominantly 
t r a n s l a t i o n ,  (2)  predominantly bending, o r  (3 )  some i n t e r -  
mediate condi t ion .  I n  t h e  f i r s t  case ,  frequency inc reases  
with removal of wood, i n  t h e  second i t  decreases ,  and i n  
t h e  t h i r d  t h e r e  might be e i t h e r  an i n c r e a s e  o r  a decrease .  
Thus shaving wood from a predominantly bending a r e a  of a 
given mode w i l l  mainly decrease the  s t i f f n e s s  and thus  a l s o  
lower the  frequency of t h a t  mode; removal of wood from a 
nonbending a r e a  of  a mode w i l l  mainly decrease t h e  mass and 
thus i n c r e a s e  frequency of t h a t  mode. 

I n  a c t u a l  p r a c t i c e  removal of wood from t h e  c e n t e r  be t -  
ween the  C-bouts w i l l  r a i s e  t he  frequency of mode No 5 ,  f o r  
t he re  i s  p r a c t i c a l l y  no bedning i n  t h i s  a r ea .  Removal of 
wood from j u s t  i n s i d e  t h e  four  corners  w i l l  lower t h e  
frequency of modeNo5, f o r  t h i s  i s  a bending a r e a  f o r  mode 
No 5.  I t  should be  poin ted  ou t  t h a t  t h e  frequency decreases  
wi th  removal of wood from a bending a r e a  ( r educ t ion  of s t i f f -  
ness)  considerably f a s t e r  than  it w i l l  i n c r e a s e  wi th  removal 
of wood from a non-bending a r e a  ( r educ t ion  of mass) of  a 
given mode. 

When l i s t e n i n g  t o  t h e  sounds a s  one ho lds  and t a p s  a f r e e  
p l a t e ,  t h e  mechanism which i s  a t  work can be v i s u a l i z e d  by 
superposing, f o r  example, t h e  f i r s t  f i v e  o r  s i x  t r anspa renc ie s  
of t he  in te r fe rograms,  one on another ,  of Fig.  1. A p o i n t  
source of e x c i t a t i o n ,  such a s  tapping,  w i l l  a c t i v a t e  a l l  modes 
t o  a g r e a t e r  o r  l e s s e r  degree, depending on r e l a t i v e  modal ac- 
t i v i t y  and damping.- i t  being d e s i r a b l e  t o  hold t h e  p l a t e  
loose ly  a t  t h e  nodes. The sound heard a s  a r e s u l t  of t h i s  
conta ins  con t r ibu t ions  from a l l  modes i n  accord wi th  the  p l a c e  
of e x c i t a t i o n  and t h e  e f f e c t  of ho ld ing .  

This can he lp  t o  exp la in  why t h e r e  a r e  many d i f f e r e n t  i n t e r -  
p r e t a t i o n s  among v i o l i n  makers a s  t o  t h e  sounds i n  a v i o l i n  
p l a t e  and what t o  do about them. Our work has  been an e f f o r t  
t o  provide an understanidng of t he  b a s i c  mechanisms involved 
and t o  sugges t  ways of u t i l i z i n g  them i n  the  cons t ruc t ion  of 
f i n e  v i o l i n s .  
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V THE NEW V I O L I N  FAMILY 

The a p p l i c a t i o n  of modem technology t o  t h e  v i o l i n  fami ly  
dur ing  the  p a s t  25 yea r s  by a group of dedica ted  s c i e n t i s t s ,  
engineers ,  mus ico logis t s ,  performing musicians,  ins t rument  
makers, composers and i n t e r e s t e d  laymen i n  t he  Catgut Acoust- 
i c a l  Soc ie ty  has made p o s s i b l e  t he  emergence of an new family 
of v i o l i n s .  The e i g h t  ins t ruments  t h a t  now c o n s t i t u t e  t h e  new 
v i o l i n  family have been cons t ruc ted  i n  the  b a s i s  of mathemat- 
i c a l  design and e l e c t r o n i c  t e s t i n g  combined wi th  c l a s s i c a l  
v i o l i n  making s k i l l s  (Hutchins,  1967). They cover t he  range 
between t h e  low tones of a seven f o o t  (2.1 m) con t r abass  
v i o l i n  and t h e  h igh  tones  of a t i n y  t r e b l e  v i o l i n  tuned an 
oc tave  above t h e  c l a s s i c a l  v i o l i n .  Spaced a t  approximately 
ha l foc t ave  i n t e r v a l s  over  t h i s  range,  Fig.  1 ( p .  183) t h e  
new ins t ruments  a r e  intended t o  c r e a t e  new sounds i n  t h e  
v i o l i n  family a s  wel l  a s  t o  augment b u t  not  r e p l a c e  t h e  o l d e r  
s t r i n g  instruments  i n  achieving a balance w i t h i n  a l a r g e  
symphony o r c h e s t r a  where t h e  c l a s s i c a l  s t r i n g s  a r e  i n  a 
c r i t i c a l  p o s i t i o n  i n  having t o  compete wi th  d i s p r o p o r t i o n a t e l y  
s t ronge r  wind and percuss ion  ins t ruments .  Although b r a s s ,  
woodwind, percuss ion  andeven keyboard ins t ruments  have been 
developed t o  produce more power and b r i l l i a n c e  of t one ,  no 
comparable growth has ,  u n t i l  now, taken p l ace  i n  t h e  s t r i n g s .  

How t h e  new instruments  were developed 

I n  1958, dur ing  a long s e r i e s  of experiments t o  t e s t  t h e  
e f f e c t  of moving v i o l i n  and v i o l a  resonances up and down 
s c a l e ,  t he  composer i n  res idence  a t  Bennington Col lege ,  Henry 
Brant ,  and the  c e l l i s t ,  S t e r l i n g  Hunkins, proposed t h e  develop- 
ment of e i g h t  v io l in- type  instruments  i n  a s e r i e s  of tun ings  
and s i z e s  t o  cover s u b s t a n t i a l l y  t he  whole p i t c h  range used 
i n  w r i t t e n  music; t hese  instruments  would s t a r t  w i th  an over- 
s i z e  contrabass  and t o  t o  a t i n y  instrument  tuned an oc t ave  
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Fig. 1. The conventional and the new violin family. 



above t h e  v i o l i n .  Thei r  reques t  was so c l o s e l y  r e l a t e d  t o  
our experimental  work t h a t  a f t e r  h a l f  an houres  d i scuss ion ,  
F rede r i ck  A .  Saunders and I agreed t h a t  a s e r i o u s  a t tempt  
would be made t o  develop t h e  s e t .  The main problem would be 
t o  produce an instrument i-n each of t h e  e i g h t  frequency ranges 
having t h e  dynamics, t h e  express ive  q u a l i t i e s  and o v e r a l l  power 
t h a t  a r e  c h a r a c t e r i s t i c  of t h e  v i o l i n  i t s e l f ,  i n  c o n t r a s t  t o  
t h e  convent ional  v i o l a ,  c e l l o  and s t r i n g  bas s .  

From t e n  years  experimentat ion t h e  fol lowing f o u r  working 
guides were a t  hand: 

1) l o c a t i o n  of the  main body and main c a v i t y  resonances of 
s e v e r a l  hundred conventional v i o l i n s ,  v i o l a s  and c e l l o s  t e s t e d  
by Saunders and o t h e r s ,  
2)  t h e  d e s i r a b l e  r e l a t i o n  between main resonances of f r e e  top  
and back p l a t e s  of a given ins t rument ,  developed from 400 
t e s t s  on 35 v i o l i n s  and v i o l a s  during t h e i r  cons t ruc t ion ,  
3) knowledge of how t o  change f requencies  of main body and 
cav i ty  resonances w i t h i n  c e r t a i n  l i m i t s  ( learned  not  on ly  from 
many expe+5ments of a l t e r i n g  p l a t e  t h i cknesses ,  r e l a t l v e  
p l a t e  tun ings  and enclosed a i r  volume b u t  a l s o  from construc-  
t i o n  of experimental instruments  wi th  varying body l eng ths  
p l a t e  a rch ings  and r i b  he igh t s )  and of r e s u l t a n t  resonance 
placements and e f f e c t s  on tone q u a l i t y  i n  t h e  f i n i s h e d  
ins t ruments ,  
4 )  obse rva t ion  t h a t  t h e  main body resonance of a completed 
v i o l i n  o r  v i o l a  i s  approximately seven semitones above t h e  
average of t he  main f r ee -p l a t e  resonances,  u s u s a l l y  one i n  
t h e  top and one i n  t h e  back p l a t e  of agiven ins t rument .  This  
obse rva t ion  came from e l e c t r o n i c  p l a t e  t e s t i n g  of f r e e  top  
and back p l a t e s  of 45 v i o l i n s  and v i o l a s  under cons t ruc t ion .  
The change from two f r e e  p l a t e s  t o  a p a i r  of p l a t e s  coupled 
a t  t h e i r  eges through i n t r i c a t e l y  cons t ruc ted  r i b s  and through 
an o f f - cen te r  soundpost, t h e  whole under vary ing  s t r e s s e s  and 
loading from f i t t i n g s  and s t r i n g  tens ion ,  i s  f a r  t oo  compli- 
ca ted  t o  t e s t  d i r e c t l y  o r  t o  c a l c u l a t e .  Thus we have no t  y e t  
been hble  t o  decipher t h i s  apparent  s h i f t  of f r e e - p l a t e  
resonances t o  those  of t h e  f i n i s h e d  ins t rument .  

En developing t h e  new ins t ruments  o u r  main problem was f ind -  
ing a measurable phys ica l  c h a r a c t e r i s t i c  of t h e  v i o l i n  i t s e l f  
t h a t  would s e t  i t  a p a r t  from i t s  cous ins ,  t he  v i o l a ,  c e l l o  
and cont rabass .  The search  f o r  t h i s  c o n t r o l l i n g  c h a r a c t e r i s t i c ,  
unique t o  t he  v i o l i n ,  l e d  us through s e v e r a l  hundred response 



and "loudness curves" of violins, violas and cellos, Fig. 2. 

PlANC KEYBOARD 

~ l T ? ; ~ ' ~ i ~ ~ ~ ' ? ~ l y ~ j y ~ J , ~ l l ~ ~ ~ ~ J ! ; ~ w ~ ' @ @ ~ ; ~ ~ ~ ~ ~ ~ ,  A. l* 

C, c, c> 
G 4 '= 

V. 

-- l., 

? S ! ?  
1 0 0 L  - - +- . -  

CARLOS BERMIJZI  L11 

9r - qodb CELLO 1817 

HUlCHINS 38 
CELLO - 904. 

A -H +- - -- W.. 

"TESTORE"  
BASS 

GERMAtI 
BASS 

Fig. 2. Loudness curves of conventional instruments 
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Fig. 3. Loudness curves showing relative placement 
of main wood (wood) and main air resonance 
(air) in a conventional 16 314" (42.5 cm) and 
a new 20" (50.8 cm) new viola. 
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Fig. 4 .  Scaled dimensions give violin-type resonances 
to new 20" (50.8 cm) viola. 



F i g .  5. S c a l i n g  t o  t h e  v i o l i n .  



The p i c t u r e  was a t  f i r s t  confusing because many v a r i a t i o n s  
were found i n  t h e  placement of t h e  two main resonances.  
However, Saunder's t e s t s  on Jascha  Heifetz 's Guarnerius  
v i o l i n  showed t h a t  t h e  main body, o r  main wood resonance,  was 
near  t he  frequency of t h e  unstopped A 440 Hz s t r i n g  and t h e  
main c a v i t y  o r  a i r  resonance a t  t h e  unstopped D 294 Hz 
s t r i n g .  Thus t h e  two main resonances of t h i s  ins t rument  were 
near  t h e  f requencies  of i t s  two unstopped middle s t r i n g s .  

Ten v i o l i n s ,  s e l e c t e d  on t h e  b a s i s  t h a t  t h e i r  two main 
resonances were wi th in  a whole tone  of t h e i r  two open middle 
s t r i n g s ,  were found t o  be some of t he  most musica l ly  d e s i r -  
ab l e  ins t ruments  - Amatis, S t r a d i v a r i s ,  Guarneris and s e v e r a l  
modern ones.  I n  marked c o n t r a s t  t o  t hese  were a l l  v i o l a s  and 
c e l l o s  t e s t e d ,  which characteristically had t h e i r  main body 
and c a v i t y  resonances t h r e e  t o  f o u r  semi-tones above t h e  
f requencies  of t h e i r  two open middle s t r i n g s  al though they  
s t i l l  had t h e  same sepa ra t ion ,  approximately a musical  f i f t h ,  
between t h e s e  two main resonances.  

Using t h e  p r i n c i p l e  exemplif ied by Heifetz-Guarnerius  
v i o l i n ,  of having t h e  two main resonances a t  approximately 
t h e  frequency of t he  two unstopped middle s t r i n g s ,  we spent  
f i v e  yea r s  working f i r s t  t o  adapt  e x i s t i n g  ins t ruments  where 
poss ib l e ,  and then  t o  cons t ruc t  new ones where no reasonable 
approximation could be found, Fig. 3 and 4 (p .  186) .  
P ro fe s s iona l  s t r i n g  p l aye r s ,  composers, and a few expe r t  
v i o l i n  makers inc luding  Rembert Wur l i t ze r  were most h e l p f u l  
i n  c r i t i c i s i n g  and suggs t ing  ways i n  which t h e  ins t ruments  
could be made a s  p layable  and a s  musica l ly  e f f e c t i v e  a s  
poss ib l e .  A s c a l i n g  theory f o r  the  new ins t ruments  was devel- 
oped by John C.Schelleng which made it e a s i e r  t o  p r e d i c t  how 
t h e  wood and a i r  resonances were going t o  f a l l  i n  a given 
s i z e  instrument ,  Fig. 5 (p. 187 ) . 

The b i g  bass  turned out  t o  be seven f e e t  from s c r o l l  t o  
endpin, b u t  we ad jus ted  the  p lay ing  r e l a t i o n s h i p s  t o  t h a t  
a 5'6" (1.7 m) p l aye r  could manage i t  n i c e l y .  A 2 m t a l l  
b a s s i s t  was not  needed. A t  t h e  o t h e r  end of t h e  fami ly  t h e  
t r e b l e  v i o l i n  had a body s i z e  not  much g r e a t e r  t han  a l a r g e  
man's hand, bu t  was cons t ruc ted  wi th  r i b s  made ,of aluminium 
so t h a t  f o u r  ho le s  could s a f e l y  by bored i n  t h e  r i b s  without  
cracking them t o  r a i s e  t h e  frequency of t h e  c a v i t y  resonance 
t o  approximately D 586 Hz. (Subsequent t r e b l e  v i o l i n s  have 



been made succes s fu l ly  wi th  wooden r i b s  and t h e  a r e a  around 
t h e  holes  l i n e d  wi th  l i nen . )  Without t he  ho le s ,  ou r  ca lcu la-  
t i o n  showed t h a t  the  t r e b l e  r i b s  would need t o  be  only  3 mm 
h igh  - a dangerous s i t u a t i o n  cons ider ing  t h e  amount of t e n s i o n  
of t h e  s t r i n g s .  New s t r i n g s  had t o  be developed f o r  each of 
t h e  new instruments  and t e s t e d  f o r  s u i t a b l e  p l ay ing  q u a l i t i e s .  
Carbon rocket  wire ,  with a t e n s i l e  s t r e n g t h  twice  t h a t  of 
convent ional  music wire  was found f o r  s eve ra l  of t h e  new 
s t r i n g s ,  p a r t i c u l a r l y  t h e  top  ones on t h e  t r e b l e ,  soprano 
and tenor .  The measurements and the  s c a l i n g  f a c t o r s  of t h e  
convent ional  and of the  new v i o l i n  family a r e  g iven  i n  
t a b l e  I (? *  190) 

By 1965, with s e r v e r a l  i n t e r i m  musical t r i a l s ,  t h e  new 
v i o l i n  family was ready f o r  i t s  f i r s t  p u b l i c  performance. S ince  
then  t h e  e i g h t  new instruments  have been t r anspor t ed  more than  
t e n  thousand mi les  i n  t h e  USA, Canada, England, Germany and 
Sweden, where they have been used by i n v i t a t i o n  i n  over  150 
l e c t u r e s  and concert-demonstrations.  P h y s i c i s t s  and engineers  
a r e  exc i t ed  about t he  a p p l i c a t i o n  of s c i e n t i f i c  research  t o  
c r e a t i v e  a r t ,  and open-minded musicians and composers a r e  
chal lenged by dimensions i n  s t r i n g  sound t h a t  have never be fo re  
been a v a i l a b l e .  But a s  e x c i t i n g  and cha l lenging  a s  t hese  new 
instruements  seem t o  be,  they should not  be considered an end 
i n  themselves, bu t  a s  one s t e p  i n  t h e  c o n t r o l l e d  experimenta- 
t i o n  and development i n  instrument  making t o  h e l p  meet t h e  
f u t u r e  needs of t he  bowed s t r i n g s .  

The musical p o t e n t i a l  

Frank Lewin, who has worked c l o s e l y  wi th  t h e  new ins t ruments  
f o r  some yea r s  has s a id :  
"There a r e  t h r e e  ways i n  which t h e  new ins t ruments  can be used: 
1 )  t o  augment t h e  c a p a b i l i t y  of t h e  s t r i n g s  i n  t h e  symphony 
o rches t r a ;  2) i n  ensemble, using var ious  combinations of t h e  
new instruemnts  a s  a body, e i t h e r  a s  a s e l f c o n t a i n e d  group 
of s t r i n g s ,  o r  blending and con t r a s t ing  wi th  convent ional  
wind and percuss ion  instruments  o r  e l e c t r i c  sources ;  3) as 
s o l o  instruments  possessing c e r t a i n  d i s t i n c t i v e  cha rac t e r i s -  
t i c s  and tone co lors .  I can see  a temendous use ,  f o r  example, 
f o r  t he  contrabass  v i o l i n  wi th  i t s  wonderfully r i c h  low range 
and s t rong  p i zz i ca to .  I can imagine t h e  powerful sound a group 
of t hese  basses  would con t r ibu te  t o  t he  r e a l i z a t i o n  of a 
Mahler symphony. The same would be t r u e  of a group of b a r i -  
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tones and a l t o  v i o l i n s ,  as  we l l  a s  of t he  mezzo v i o l i n s .  I n  
ensemble, the p a r t i c u l a r  v i r t u e  of the new ins t ruments ,  t h e i r  
a b i l i t y  t o  blend smoothly, can be explo i ted .  Since t h e r e  a r e  
no gaps i n  the overlapping ranges,  each instrument  can p lay  
i n  i t s  b e s t  r e g i s t e r  without  being c a l l e d  upon t o  f i l l  i n  
where o t h e r  instruments  a r e  weak ... These new ins t ruments  
a r e  extremely e f f e c t i v e  i n  p a r t s  where t h e  composer can ex- 
p l o r e  t h e  new colors  they o f f e r .  I f ind  t h e s e  sounds exc i t -  
ing  and have been ab le  t o  use some of them i n  f i l m  record ings ,  
e s p e c i a l l y  the  t eno r  and contrabass  v i o l i n s  i n  s o l o s .  They 
produce sounds we do not ge t  from conventional s t r i n g e d  
instruments .  

11 Other p r o p e r t i e s  t h a t  s e t  t h e s e  new ins t ruments  a p a r t  a r e  
t he  tremendous resonance and t h e  powerful low ranges i n  both 
the  a l t o  and b a r i t o n e  v i o l i n s .  The C-string of t h e  a l t o  v i o l i n  
(v io l a )  produces a  sound I have never heard be fo re  i n  t h a t  
range; t h e  same i s  t r u e  of t h e  C-string of t h e  new b a r i t o n e  
v i o l i n  ( c e l l o ) .  The beauty of sound produced by t h e  new in-  
s t ruments  speaks t o  the  l i s t e n e r  even when they a r e  played 
a t  t he  extreme of t h e i r  dynamic range". 

"On t h e  o the r  hand, music of e a r l i e r  pe r iods ,  e s p e c i a l l y  
polyphonic vocal music, sounds b e a u t i f u l  when played on these  
instruments .  The ind iv idua l  voices  maintain t h e i r  own co lo r s  
i n  cont rapuncta l  p a r t s ,  y e t  b lend  i n t o  a  homogeneous whole, 
s i m i l a r  t o  the  e f f e c t  of a  good choi r .  This  capac i ty  f o r  
blending i s  reminiscent  of t h e  v i o l s ,  y e t  s i n c e  t h e  new 
v i o l i n s  have a  much g r e a t e r  dynamic range than  e i t h e r  v i o l s  
o r  t he  conventional s t r i n g s  now i n  use,  f u l l  ?assages - 
e s p e c i a l l y  chordal ones - suggest  organ s o n o r i t i e s .  

11 The most e x c i t i n g  use f o r  t he  new instruments  i s ,  of 
course,  i n  new music composed s p e c i f i c a l l y  t o  e x p l o i t  t h e i r  
p a r t i c u l a r  charac te r .  The Catgut Acoust ical  Soc ie ty  i s  break- 
ing ground he re  by commissioning new compositions and encourag- 
ing  composers t o  experiment wi th  the instruments .  This  i s  
v i r g i n  t e r r i t o r y ,  and o f f e r s  wonderful o p p o r t u n i t i e s  t o  
today-s composers. 

The mezzo v i o l i n  

I n  musical eva lua t ions  of t h e  experimental members of t h e  
new v i o l i n  family we found t h a t  even a  f i n e  concert  v i o l i n  
d id  not  have adequate power t o  match t h a t  of t h e  ,other  i n s t r u -  
ments, so we conceived the  i d e a  of developing a  l a r g e r  v i o l i n  



Fig. 6. Side views of conventional 14" (35,6 cm) violin 
and new 15" (38.1 cm) mezzo violin. 



F i g .  7 .  F ron t  views of conven t iona l  and new mezzo  v i o l i n .  



s i c i a n s  a r e  f i n d i n g  t h a t  i t s  r i c h  t o n e  c o l o r  and s t r o n g  low 
range make i t  an  i d e a l  second v i o l i n  i n  s t r i n g  q u a r t e t s .  One 
o r c h e s t r a l  c o n c e r t  mas te r  who owns one r e p o r t s  t h a t  h e  h a s  
t o  p l a y  a l l  t h e  n o t e s  c o r r e c t l y  f o r  everyone can h e a r  him i n  
t h e  o r c h e s t r a .  

V e r t i c a l  v i o l a  - a l t o  -- 
The normal range f o r  t h e  body l e n g t h  o f  t h e  v i o l a  i s  usu- 

a l l y  cons idered  t o  be between 16 114" - 1 7  114" (40 and 44 cm) - 
l o n g e r  t h a n  t h i s  i s  e x t r a  l a r g e ,  Fig.  8 .  

F i g .  8 .  Convent ional  16 l / 4 "  (41.3  cm) and 17 117" 
(43.8  cm) v i o l a s  and 20" (50.8 cm) new v e r t i c a l  
v i o l a - a l t o  ( c o u r t e s y  of J .  Cas t ronovo) .  



I n  deve lop ing  t h e  ins t rument  i n  t h e  v i o l a  range  f o r  t h e  new 
v i o l i n  fami ly  we worked accord ing  t o  t h e  p r i n c i p l e  t h a t  t h e  
main (Helmholtz) a i r  resonance and t h e  main wood resonance  
shou ld  b e  i n  p o s i t i o n  s i m i l a r  t o  those  i n  t h e  normal v i o l i n  
r e l a t i v e  t o  t h e  f requency of open s t r i n g s  (Hutch ins ,  1962, 
1967b. Th is  meant t h a t  t h e  Helmholtz a i r  r esonance  n e a r  B 
t o  B on t h e  G s t r i n g  o f  t h e  normal v i o l a  would have t o  be 
moved down t o  t h e  open G s t r i n g  and t h e  main wood resonance  
n e a r  F t o  F # on t h e  D s t r i n g  down t o  t h e  open D s t r i n g .  
To ach ieve  t h i s  i t  was found e x p e r i m e n t a l l y  t h a t  t h e  body 
of  o u r  new i n s t r u m e n t  would have t o  be 51  cm long .  Most 
v i o l i n i s t s  have found t h i s  t o  b e  t o o  b i g  t o  p l a y  under  t h e  
c h i n ,  F i g .  8 (p .  1-96 ) . 

F i g .  9 .  Wil l iam Berman w i t h  h i s  20" (51 cm) a l t o  
( c o u r t e s y  of A .  Montzka). 



One p r o f e s s i o n a l ,  Wi l l i am Berman, who had been i n  t h e  N.Y .  
Ph i lha rmonic  and was t e a c h i n g  a t  t h e  O b e r l i n  ~ u s i c  Conser- 
v a t o r y  found t h e  sound o f  t h e  b i g  v i o l a  s o  e x c i t i n g  and 
c h a l l e n g i n g  t h a t  he  t a u g h t  h imse l f  t o  h a n d l e  i t  w i t h  e a s e  
under  t h e  ch in ,  even i n  t h e  h i g h e r  p o s i t i o n s ,  f i g .  9 ,  ( D .  137) .  
The photograph shows how he p l a y s  t h e  ins t rument  which h e  
h a s  used e x c l u s i v e l y  f o r  t h e  p a s t  e i g h t  y e a r s ,  i n  symphony 
o r c h e s t r a s ,  r e c i t a l s  and s t r i n g  q u a r t e t s  w i t h  g r e a t  s u c c e s s .  
Other  v i o l i s t s  a r e  q u i t e  happy p l a y i n g  i t  v e r t i c a l l y  l i k e  
a c e l l o .  

The t e n o r  and b a r i t o n e  

I n  t h e  e a r l y  musical  e v a l u a t i o n s  o f  t h e  new v i o l i n  f a m i l y  
i n s t r u m e n t s  i t  was found t h a t  t h e  f i r s t  t e n o r ,  adap ted  an 
exper imenta l  ins t rument  i n  t h i s  range which had i t s  two main 
resonances  on t h e  two open middle  s t r i n g s ,  d i d  n o t  seem t o  
have t h e  power and dep th  of t o n e  o f  t h e  o t h e r  i n s t r u m e n t s .  
Thus a second,  somewhat l a r g e r  t e n o r  was developed which had 
i t s  main wood resonance c l o s e  t o  t h e  open second s t r i n g ,  b u t  
t h e  main a i r  resonance s e v e r a l  semitones  below t h e  f requency  
o f  t h e  open D o r  t h i r d  s t r i n g .  T h i s  made it  more comparable 
t o  t h e  f i r s t  b a r i t o n e ,  which a l s o  had i t s  main wood resonance 
on t h e  open second s t r i n g ,  bu t  t h e  main a i r  s e v e r a l  semitones  
below t h e  open t h i r d ,  o r  G s t r i n g .  T h i s  lowering o f  t h e  main 
a i r ,  o r  Helmholtz resonance gave t h e  f u l l ,  r i c h ,  low sounds 
t h a t  t h e  p l a y e r s  and l i s t e n e r s  seemed t o  p r e f e r .  

Here we were faced  w i t h  p o s s i b l e  changes i n  o u r  o r i g i n a l  
t h e o r y  of t h e  placement o f  t h e  two main resonances ,  wood and 
Helmholtz a i r ,  on t h e  two open middle  s t r i n g s .  I f  t h e  main 
wood resonance,  l a r g e l y  c o n t r o l l e d  by t h e  l e n g t h  o f  t h e  
i n s t r u m e n t  box, i s  kep t  w i t h i n  a  semitone of t h e  open second 
s t r i n g ,  t h e n  can t h e  Helmholtz a i r  resonance be moved lower 
and s t i l l  m a i n t a i n  d e s i r e d  t o n e  and p l a y i n g  q u a l i t i e s ?  A 
t h i r d  t e n o r ,  c o n s t r u c t e d  w i t h  s h a l l o w e r  r i b s ,  b u t  w i t h  t h e  
l a r g e r  s i z e  body, seemed t o  b e a r  o u t  t h i s  i d e a .  

During t h e  musical  e v a l u a t i o n  of t h e  new v i o l i n  f a m i l y  i n  
England, a t  t h e  Royal Col lege  of Music i n  1977-79, t h i s  in-  
c r e a s e d  sound i n  t h e  lower range o f  t h e s e  two i n s t r u m e n t s  
was found n o t  t o  b lend q u i t e  s u i t a b l y  w;th t h e  o t h e r  in- 



i n s t r u m e n t s  of t h e  o c t e t .  So b o t h  a  t e n o r  and a  b a r i t o n e  w i t h  
somewhat sha l lower  r i b s  were developed f o r  comparison,  6.3 cm 
f o r  t h e  t e n o r  and 8.5 cm f o r  t h e  b a r i t o n e  r i b  h e i g h t s .  Repor t s  
t o  d a t e  i n d i c a t e  t h a t  b o t h  i n s t r u m e n t s  a r e  q u i t e  s a t i s f a c t o r y  
and have t h e  d e s i r e d  t o n e  q u a l i t i e s .  

Other  musicans,  p a r t i c ; l a r l y  c e l l i s t s ,  have d e l i g h t e d  i n  
t h e  f u l l  r i c h  low t o n e s  i n  t h e  t e n o r  and b a r i t o n e  a s  t h e y  
were o r i g i n a l l y  des igned .  Michael Haran, p r i n c i p a l  c e l l i s t  
w i t h  t h e  I s r a e l i  Symphony, f e e l s  t h a t  t h e  b a r i t o n e  h a s  a l l  
t h e  power of t h e  c e l l o  i n  t h e  upper  ranges  and c o n s i d e r a b l y  

more power and r i c h n e s s  o f  t o n e  on t h e  two lower s t r i n g s .  

Thus i t  may be  t h a t  t h e  placement o f  t h e  main wood reso-  
nance i s  more a  c o n t r o l l i n g  f a c t o r  i n  m a i n t a i n i n g  t o n e  qual-  
i t i e s  i n  v i o l i n  fami ly  i n s t r u m e n t s  t h a n  i s  t h e  placement  of 
t h e  Helmholtz a i r  resonance.  F u r t h e r  work i s  b e i n g  done t o  
t r y  t o  de te rmine  t h i s .  

The f u t u r e  

The new v i o l i n  fami ly  r e p r e s e n t s  t h e  f i r s t  t ime  t h a t  a  con- 
s i s t e n t  t h e o r y  of a c o u s t i c s  has  been a p p l i e d  t o  a whole f a m i l y  
of m u s i c a l  i n s t r u m e n t s .  Whether o r  n o t  it s u r v i v e s  on  a  m u s i c a l l y  
v i a b l e  b a s i s  depends on t h e  need f o r  t h e  sounds of t h e  new i n -  
s t r u m e n t s ,  b o t h  i n d i v i d u a l l y  and a s  a  group,  i n  o u r  mus ica l  
c u l t u r e  today.  Four main reasons  f o r  t h e i r  s u r v i v a l  seem t o  
be  emerging as  they  a r e  demonstra ted and p layed  around t h e  
wor ld :  1 )  Each ins t rument  i n  i t s  own r i g h t  i s  more powerful  
t h a n  i t s  c o u n t e r p a r t  (where t h e r e  i s  one) i n  t h e  conven t iona l  
v i o l i n  fami ly  and t h u s  can be  h e a r d  b e t t e r  i n  l a r g e r  h a l l s  a s  
w e l l  a s  i n  t h e  f u l l  symphony o r c h e s t r a ;  2 )  The e n t i r e  e i g h t  
a s  a  group prov ide  t h e  composer w i t h  a  f u l l  r ange  of ba lanced  
s t r i n g  sound on i n s t r ~ ~ m e n t s  t h a t  can be  h e a r d  c l e a r l y  on a l l  
f o u r  o f  t h e i r  s t r i n g s ,  somewhat l i k e  t h e  d iapason  of t h e  o r g a n  
- sounds which can be  used t o  enhance and b lend  w i t h  t h e  char-  
a c t e r i s t i c  sounds of t h e  normal v i o l i n ,  v i o l a  and c e l l o ;  
3) modern r e c o r d i n g  t e c h n i q u e s  a r e  showing t h a t  t h e  sounds 
of t h e  new i n s t r u m e n t s  a r e  p a r t i c u l a r l y  s u i t a b l e  f o r  h i g h  
q u a l i t y  l i s t e n i n g  bo th  a s  a  groua and i n  s o l o  p a r t s  c . f .  t h e  
sound example w i t h  s i x  of t h e  new i n s t r u m e n t s  (more examples 
can be found on a  LP-record, s e e  r e f e r e n c e s ) ;  4 )  w i t h  t h e  
emergence of many smal l  o r c h e s t r a s ,  t h e  new i n s t r u m e n t s  r e d u c e  
t h e  number of mus ic ians  needed on each  p a r t ,  a s  w e l l  a s  pro- 
v i d e  a  medium w i t h  which t o  b u i l d  smal l  chamber groups  u s i n g  
v a r i o u s  numbers of a l l  e i g h t  of t h e  new v i o l i n  f a m i l y  i n s t r u -  
ment S .  
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I n t r o d u c t i o n  

I n  t h e  f i r s t  seminar  w i t h i n  t h i s  s e r i e s  t h e  p r e s e n t  
u n d e r s t a n d i n g  of t h e  a c o u s t i c a l  f a c t s ,  r e l a t e d  t o  t imbre  
and r a d i a t i o n  was reviewed i n  g e n e r a l  ( Jansson ,  1977 a , b ) .  
I n  t h e  second seminar  t o n e  q u a l i t y  f a c t o r s  of v i o l i n s  were  
d i s c u s s e d  more i n  d e t a i l ,  i . e .  t o n e  p r o p e r t i e s  i n  r e l a t i o n  
t o  t h e  h e a r i n g  of p l a y e r  and l i s t e n e r s  ( J a n s s o n  and G a b r i e l s -  
son ,  1979). I n  t h e  p r e s e n t  paper  f u n c t i o n  and q u a l i t y  f a c t o r s  
w i l l  be  d i s c u s s e d ,  i . e .  r e l a t i o n s  between t o n e  p r o p e r t i e s  
and t h e  f u n c t i o n  of t h e  v i o l i n .  

I n  t h e  p r e s e n t  paper  I s h a l l  t h u s  t r y  t o  o r e s e n t  i n f o r -  
mat ion t o  be used f o r  t h e  making of t h e  v i o l i n .  Data  w i l l  
be  p r e s e n t e d  on  t h e  f u n c t i o n  o f  t h e  v i o l i n  i n  t h e  f r e q u e n c y  
range  above t h e  f i r s t  two resonances  a t  300 and 450 Hz. 
T h e r e a f t e r  a  s o  c a l l e d  model w i l l  be  s e t  up.  By means o f  
t h i s  model i t  w i l l  be d i s c u s s e d  how d i f f e r e n t  p a r a m e t e r s  
such a s  v a r n i s h ,  wood and p l a t e  t h i c k n e s s  de te rmine  q u a l i t y .  
The model and t h e  p r e d i c t e d  importance o f  t h e  d i f f e r e n t  
pa ramete rs  a r e  a l i t t l e  s p e c u l a t i v e  a s  we do n o t  have a l l  
d a t a  n e c e s s a r y  f o r  a  complete  unders tand ing .  It w i l l  b e  
c l e a r l y  marked, however, where t h e  b o r d e r s  a r e  between 
t r u e  o b s e r v a t i o n s ,  i n t e r p r e t a t i o n s  and s i m p l i f i c a t i o n s  o f  
t h e  o b s e r v a t i o n s .  

The t o n e  p r o d u c t i o n  i n  a  v i o l i n  can s c h e m a t i c a l l y  be  
d e s c r i b e d  a s  i n  F i g .  1. The p l a y e r  moves t h e  bow a c r o s s  

i i 
PLAYER 

MUSICAL INSTRUMENT - I 
Fig .  1. Block diagram of t h e  main p r o d u c t i o n  and m o n i t o r i n g  

c h a i n s  of t h e  v i o l i n  t o n e  from p l a y e r  t o  l i s t e n e r .  



t h e  s t r i n g s ,  which t h e r e b y  a r e  s e t  i n t o  v i b r a t i o n .  The s t r i n g  
v i b r a t i o n s  r e s u l t  i n  v i b r a t o r y  f o r c e s  on t h e  b r i d g e ,  which 
a r e  t r a n s m i t t e d t h r o u g h  t h e  b r i d g e  t o  t h e  body and t h e r e b y  
s e t  t h e  body i n t o  v i b r a t i o n .  The v i b r a t i o n s  o f  t h e  body 
a f f e c t  t h e  b r i d g e  v i b r a t i o n s  and t h u s  a l s o  t h e  s t r i n g  v i b r a -  
t i o n s .  When a  resonance i n  t h e  body r e s u l t s  i n  l a r g e  b r i d g e  
v i b r a t i o n s ,  a "wolf-note" can be  produced. The b r i d g e  i n  it- 
s e l f  works a s  a  somewhat s p r i n g y  s u p p o r t  f o r  t h e  s t e i n g s .  
The bow-string-bridge-body phenomena a r e  d e s c r i b e d  more i n  
d e t a i l  i n  Hutchins  a r t i c l e  "How t h e  v i o l i n  works" p.  152.  

The h o l d i n g  of t h e  v i o l i n b y  t h e  p l a y e r  may a f f e c t  t h e  
v i b r a t i o n  p r o p e r t i e s  of t h e  body. The body v i b r a t i o n s  
g i v e  t h e  sounding t o n e s  i n  t h e  room, which t h e  p l a y e r  monit-  
o r s  by means of h i s  h e a r i n g .  The sounding tones  p a s s  through t h e  
room t o  t h e  l i s t e n e r .  The p l a y e r  a f f e c t s  t h e  sound r a d i a t i o n  
( a s  a  r e f l e c t i o n  and d i f f r a c t i o n  e lement)  and t h e  room 
a f f e c t s  t h e  player ' s  moni to r ing  by means of h i s  h e a r i n g .  
T h e r e f o r e  t h e  p l a y e r  and t h e  room may, i n  p a r t s  be  i n c l u d e d  
i n  t h e  mus ica l  i n s t r u m e n t ,  t h e  v i o l i n , a s  marked i n  F i g .  1. 
I n  t h e  n e x t  pa ragraphs  t h e  t o p i c  shou ld  be  l i m i t e d  t o  t h e  
b r i d g e  and body. 

A f u n c t i o n  model of t h e  v i o l i n  body 

The model, which w e  s h a l l  p r e s e n t  i n  t h i s  s e c t i o n ,  i s  r e s t r i c -  
t e d  t o  t h e  f requency range  above t h e  f i r s t  two major  reson- 
ances ,  i . e .  above approx. 600 Hz. 

As a  s t a r t i n g  p o i n t  f o r  o u r  model we s h a l l  s h o r t l y  review 
some d a t a  from an i n v e s t i g a t i o n  by J a n s s o n ,  ?.lolin & Sundin 
(1970).  F i r s t  i n  t h i s  i n v e s t i g a t i o n  t h e  v i b r a t i o n  p r o p e r t i e s  
o f  t h e  t o p  and back p l a t e s  were measured w i t h  t h e  p l a t e s  
s e p a r a t e l y  g lued  t o  r i b s  f a s t e n e d  t o  a  j i g g  w i t h o u t  enc los -  
i n g  an a i rvolume.  Measurements were made a f t e r  t h e  f o l l o w i n g  
major  s t e p s  of c o n s t r u c t i o n :  The t o p  p l a t e  a )  w i t h o u t  and 
b)  w i t h  f - h o l e s ,  c )  w i t h  b a s s  b a r  and d)  w i t h  a r i g i d l y  
suppor ted  sound p o s t ;  t h e  back p l a t e  a )  w i t h o u t  and b)  w i t h  
a  r i g i d l y  suppor ted  soundpost .  T h e r e a f t e r  t h e  v i b r a t i o n  
p r o p e r t i e s  were measured o f  t h e  t o p  and t h e  back p l a t e s  
assembled w i t h  r i b s .  Measurements were made s e p a r a t e l y  o f  
t h e  top  and t h e  back p l a t e s  a f t e r  t h e  f o l l o w i n g  assembly 
s t e p s  b e f o r e  v a r n i s h i n g :  assembled a) w i t h o u t  and b)  w i t h  
f i n g e r b o a r d ,  and c )  w i t h  d e v i c e s  f o r  s t r i n g i n g  and s t r i n g s .  



The p r o p e r t i e s  were measured by means of an o p t i c a l  method, 
hologram in te r fe rometry .  Before p re sen t ing  r e s u l t s  of t he  
i n v e s t i g a t i o n ,  l e t  me demonstrate how such r e s u l t s  a r e  
i n t e r p r e t e d  by means of a  simple example. The most informat- 
i v e  v i b r a t i o n  measures of a  p l a t e  a r e  i t s  resonance frequenc- 
i e s ,  t h e  sharpness  of resonances and t h e i r  v i b r a t i o n  p a t t e r n s .  
By means of hologram in t e r f e rome te ry  such v i b r a t i o n  p a t t e r n s  
can be made v i s i b l e  and can be photographed. Photographical  
records  of v i b r a t i o n  p a t t e r n s ,  so  c a l l e d  in te r fe rograms,  
of t he  f i r s t  s i x  resonances of a  r ec t angu la r  p l a t e ,  clamped 
along i t s  edges, a r e  shown i n  F ig .  2.  

Fig.  2 .  Interferograms of t he  f i r s t  s i x  resonances of a  
r ec t angu la r  p l a t e  clamped along i t s  edges (from 
Molin & Ek, 1970) .  



F i g .  3 .  V i b r a t i o n  p a t t e r n s  of t h e  lowest  s i x  modes of a 
back p l a t e  on r i b s  a )  490 Hz, b)  660 Hz, c) 840 Hz, 
d)  910 Hz, e )  1030 Hz and f )  1120 Hz ( f rom Jansson ,  
Molin & Sundin,  1970).  



such a s  t h i s  very soundpost must impose a  nodal l i n e  
pass ing  through the  po in t  where t h i s  support  i s  a p p l i e d .  
This  i s  a l s o  i n  agreement wi th  t h e  v i b r a t i o n  p a t t e r n s  shown, 
i . e .  s t i l l  small  v i b r a t i o n s  i n  t he  br idge  and sound post  
a r ea .  

Fig.  5. Vibra t ion  p a t t e r n s  of t h e  lowest f i v e  modes of a  
top  p l a t e  i n  t he  v i o l i n  assembled a)  480 Hz, b) 
780 Hz, c) 830 Hz, d) 950 Hz and e)  1100 Hz 
(from Jansson, Molin & Sundin, 1970). 



So f a r  we have looked a t  t h e  p r o p e r t i e s  of t h e  p l a t e s  
s e p a r a t e l y ,  which i s  a  long  way from t h e  f i n i s h e d  i n s t r u -  
ment. L e t  us  f i r s t  s ee  what happens t o  t h e  t o p  p l a t e  a f t e r  
t h e  v i o l i n  body has been assembled. A comparison o f  t h e  
t op  p l a t e  v i b r a t i o n s  i n  t h e  assembled body Fig .  5 wi th  

F ig .  6.  V ib ra t i on  p a t t e r n s  of e i g h t  modes of t h e  back 
p l a t e  i n  t h e  v i o l i n  assembled a )  100 Hz, b)  
340 Hz, c) 470 Hz, d) 505 Hz, 580 Hz, f )  770 Hz, 
g )  870 Hz and h )  970 Hz (from Jansson ,  Molin & 
Sundin, 1970 



t h o s e  o f  t h e  t o p  p l a t e  s e p a r a t e l y  F i g .  4 shows t h a t  t h e  v i b r a -  
t i o n  p a t t e r n s  a r e  c l o s e l y  t h e  same, i . e .  t h e r e  i s  s t i l l  n o t h i n g  
m y s t e r i o u s  about  t h e  v i b r a t i o n  p a t t e r n s  and t h e  v i b r a t i o n s  i n  
t h e  bridge-sound p o s t  a r e a  a r e  s t i l l  s m a l l .  A h o r i z o n t a l  l i n e  
through t h e  br idge-soundpost  a r e a  can t h e r e f o r e  be regarded  
a s  a  b o r d e r  between two a r e a s  w i t h  Large v i b r a t i o n s .  i . e .  t h e  

L, 

upper  and t h e  lower p a r t .  

The f i r s t  seven  resonances  o f  a  v i o l i n s h a p e d  c a v i t y  a r e  
shown i n  F i g .  9 , ( ~ . 1 6 2 ) .  The same p a t t e r n s  a r e  found i n  
t h e  upper  a s  i n  t h e  lower p a r t s ,  i . e .  t h e  v i o l i n  c a v i t y  v i b r a -  
t i o n s  a r e  l i k e  t h e  t o p  p l a t e  v i b r a t i o n s  a l s o  d i v i d e d  i n  an  
upper and a  lower p a r t  by a  h o r i z o n t a l  l i n e  through t h e  b r i d g e -  
soundpos t  a r e a .  The f -ho les  make t h e  d i v i s i o n  even more pron- 
ounced a s  t h e  a i r  modes w i t h  sound p r e s s u r e  maximum i n  t h e  
b r i d g e  r e g i o n  a r e  h i g h l y  dampened. 

But what about  t h e  back p l a t e  o f  t h e  assembled v i o l i n  body? 
V i b r a t i o n  p a t t e r n s  o f  t h e  complete v i o l i n  a r e  shown i n  F i g .  6 .  
(p .  211 ) . The f i r s t  f o u r  v i b r a t i o n  p a t t e r n s  ( F i g .  6 )  look  q u i t e  
d i f f e r e n t  from t h o s e  o f  F i g .  3-5. The b l a c k  l i n e s  mapping t h e  
v i b r a t i o n  ampl i tudes  c r o s s  t h e  edges  o f  t h e  back p l a t e ,  i . e .  
t h e  r i b s  and p robab ly  t h e  whole v i o l i n  i s  v i b r a t i n g .  The same 
a p p l i e s  t o  t h e  h i g h e r  v i b r a t i o n  modes a l though  l e s s  pronounced. 
No c l e a r  i n f l u e n c e  of t h e  sound p o s t  can be found.  

The v i b r a t i o n  p a t t e r n s  shown were  o b t a i n e d  w i t h  t h e  violin 
clamped a t  s p e c i f i c  p o s i t i o n s  i n  a  j i g g .  Many exper iments  p e r -  
formed w i t h  t h e  same clamping have r e v e a l e d  t h a t  t h e s e  v i b r a t -  
i o n  p a t t e r n s  a r e  r e p r e s e n t a t i v e  f o r  v i o l i n s .  The clamping does ,  
however, a f f e c t  t h e  v i b r a t i o n  p a t t e r n s  (C .£ .  J a n s s o n , l 9 7 3 ) .  
The v i b r a t i o n  p a t t e r n s  l a t e r  o b t a i n e d  by S t e t s o n  and T a y l c r  
f o r  a  v i o l i n  h e l d  by t h i n  r u b b e r  bands ,  show t h a t  t h e  resonance 
v i b r a t i o n s  a r e  n e i t h e r  l i m i t e d  t o  t h e  t o p  n o r  t o  t h e  back p l a t e  
(Fig .  1 0  p.163 ) .  The resonance v i b r a t i o n s  a r e  found i n  bo th  
p l a t e s  and t h e  r i b s  a t  t h e  same t ime .  I n  p l a y i n g ,  however, t h e  
v i o l i n  i s  h e l d  by c h i n ,  s h o u l d e r  and l e f t  hand,  which g i v e s  
c o n d i t i o n s  somewhere i n  between t h e  rubber  band h o l d i n g  and 
t h e  clamping. (C .£ .  F ig .  3 ,  p.233 ) For o u r  model we t h e r e f o r e  
f e e l  j u s t i f i e d  i n  assuming t h a t  F i g .  5 and 6 g i v e  a  f a i r  f i r s t  
approximat ion o f  t h e  normal ly  p layed  v i o l i n .  

From t h e  d a t a  p r e s e n t e d  and t h e  s i m p l i f i c a t i o n  m o t i v a t e d  
above we conclude t h a t  t h e  f o l l o w i n g  model d e s c r i b e s  t h e  
f u n c t i o n  of t h e  v i o l i n  f o r  f r e q u e n c i e s  above t h e  f i r s t  two 



major  resonances .  The t o p  p l a t e  i s  l i k e l y  t h e  main r a d i a t o r  
of sound. I t  i s  d i v i d e d  i n t o  two " v i b r a t i o n "  h a l v e s ,  an  
upper and a  lower one,  by a  h o r i z o n t a l  l i n e  i n  t h e  b r idge-  
soundpost  a r e a .  The back p l a t e  and t h e  r i b s  form a  s h e l l  
t h a t  s u p ~ o r t s  t h e  t o p    late. This  means t h a t  i f  t h e  back 
p l a t e  v i b r a t e s ,  t h e n  t h e  whole body i s  v i b r a t i n g .  

A c o u s t i c a l  q u a l i t y  f a c t o r s  

The number of resonance i n  a  v i o l i n  i s  l a r g e ,  a  magnitude 
of 29-40 below 5 kFz. Th is  r e s u l t s  i n  a r a t h e r  uneven 
f requency  resDonse a s  i l l u s t r a t e d  i n  F i g .  7 .  Every reson-  
ance t e n d s  t o  g i v e  a  peak i f  a  g l i s s a n d o  i s  p layed  
t h e  fundamental  (and t h e  h i g h e r  p a r t i a l s )  w i l l  i n c r e a s e  and 
d e c r e a s e  i n  accordance w i t h  t h e  f requency r e s p o n s e  curve .  

t r a n s f e r  funct~on 

F i g .  7 .  Frequency response f o r  a  v i o l i n  (from J a n s s o n ,  
Molin & Sundin,  1970) .  

Th i s  means t h a t  even i n  a  good v i o l i n  t h e  t o n e  spec t rum w i l l  
change from one t o n e  t o  t h e  o t h e r  depending on t h e  funda- 
mental  freqrlency.  Thus no v i o l i n  i s  a c o u s t i c a l l y  even.  
Another consequence i s  t h a t  i f  a tone i s  p layed w i t h  a  
v i b r a t o  t h e  d i f f e r e n t  p a r t i a l s  w i l l  va ry  d i f f e r e n t l y .  
From F i g .  8 (p .  31s) i t  can be s e e n  t h a t  t h e  i n t e n s i t y  o f  
t h e  f i r s t ,  second and f o u r t h  p a r t i a l s  v a r i e s  l i t t l e  w i t h  
t ime .  i .  P .  they  f a 1  l on f l a t  p a r t s  of t h e  f requency  response 
The t h i r d  and f i f t h  p a r t i a l s ,  however, v a r y  c o n s i d e r a b l y  i n  
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F i g .  8. Frequency v a r i a t i o n  and i n t e n s i t y  l e v e l  v a r i a t i o n s  
of s i x  p a r t i a l s ,  approx 1 s e c  of p layed  Gq-sharp 
415 Hz t o n e ,  ( a f t e r  F l e t c h e r  and Sanders ,  1967) .  



i n t e n s i t y .  Note a l s o  t h a t  t h e y  v a r y  i n  o p p o s i t e  phases ,  t h e  
f i f t h  v a r i e s  i n  phase  and t h e  t h i r d  i n  o p p o s i t e  phase  w i t h  
t h e  f requency  v a r i a t i o n s  ( t h e  v i b r a t o ) .  Thus t h e  f i f t h  
p a r t i a l  i s  working on  an  u p h i l l  s l o p e  and t h e  t h i r d  on a 
downhi l l  s l o p e  of t h e  f requency  response .  

The i n f l u e n c e  of t h e  peaks  and d i p s  i n  t h e  f requency  
response on p e r c e i v e d  t o n a l  q u a l i t y  h a s  been i n v e s t i g a t e d  
by llathews and Kohut (1973).  The " s t r i n g  v i b r a t i o n s ' '  were 
recorded  on t a p e  and r e p l a y e d  th rough  an  e l e c t r o n i c  f i l t e r  
approximat ing t h e  peaks  and d i p s  o f  a v i o l i n  f requency  
response .  Fur thermore t h e  " s t r i n g  v i b r a t i o n s "  were r e p l a y e d  
w i t h  t h e  f requency response  s e t  f l a t ,  and w i t h  ex t remely  
pronounced peaks  and d i p s ,  F i g .  9 .  

P ig .  9 .  Peak-to-dip curves  f o r  v a r i o u s  Q's of e l e c t r o n i -  
c a l l y  s i m u l a t e d  resonances  of a v i o l i n  (from Mathews 
and Kohul t ,  1973) .  



Thereby i t  was found t h a t  "case  No.1 sounds h a r s h  and unre-  
s p o n s i v e ,  Case No. I T  sounds t h e  b e s t  and Case No. I V  sounds 
n a s a l  o r  pinched".  A more d e t a i l e d  d e s c r i p t i o n  a s  w e l l  a s  
sound i l l u s t r a t i o n s  c o n s i s t i n g  of p layed t e s t  s c a l e s  a r e  found 
i n  Mathews (1977).  The exper iment  proves  t h a t  t h e  d e t a i l e d  
p e a k i n e s s  of t h e  f requency response i s  i m p o r t a n t .  

Our h e a r i n g  can not  r e s o l v e  a l l  s p e c t r a l  deta i1 .s  o f  a 
p layed  t o n e .  Moreover, t h e  f requency  response  c u r v e s  c o n t a i n  
t o o  much i n f o r m a t i o n  t o  be  i n v e s t i g a t e d  i n  a l l  d e t a i l s .  There- 
f o r e  i t  i s  common t o  average t h e  o v e r  s p e c i f i c  f requency  
ranges  e .g .  Jansson  (1977 a ) .  Played v i o l i n  t o n e s  have been 
ana lysed  w i t h  f i l t e r s  approximat ing p r o p e r t i e s  o f  o u r  hear -  
i n g  (so  c a l l e d  c r i t i c a l  bands of h e a r i n g  g i v i n g  a Bark p i t c h  
s c a l e )  s e e  G a b r i e l s s o n  and Jansson (1979) 

A r e s u l t  o f  t h e  l a s t  mentioned i n v e s t i g a t i o n  i s  summarized 
by means o f  long- t ime-average-spectra  o f  two groups  of v i o l i n s  
F ig .  10 .  
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Fig .  10.  Long-time-average-spectra of e i g h t  v i o l i n s  w i t h  
h i g h  (-) and of seven v i o l i n s  w i t h  low (.-...) 
t o n a l  q u a l i t y  r a t i n g s  ( lower  curves )  and d i f f e r e n c e  
between t h e  two curves  (upper  curve  from G a b r i e l s s o n  
& J a n s s o n ,  1977) .  



The v i o l i n s  were borrowed from t h e  Scandinavian Violinmakers 
Exh ib i t i on  1975. The v i o l i n s o f  t h i s  e x h i b i t i o n  had previous ly  
been judged wi th  r e spec t  t o  t ona l  q u a l i t y  and t h e  two groups 
were s e l e c t e d  t o  r ep re sen t  the  h ighes t  and t h e  lowest  tone 
q u a l i t i e s .  F ig .  10 shows t h a t  i n  s p i t e  of the  coa r se  s p e c t r a l  
averaging,  t he  r e s u l t i n g  s p e c t r a  of t h e  two groups a r e  f a r  
from f l a t .  The upper curve,showing t h e  average d i f f e r e n c e ,  
r evea l s  t h a t  a h igh  l e v e l  i s  favourable  f o r  low and medium 
high Bark numbers ( f requencies ) .  On the  o t h e r  hand a low 
l e v e l  i s  favourable  a t  10 Barksand high Bark numbers. F i l t e r -  
i n g  experiment with played music has  shown t h a t  d i f f e r e n t  
frequency regions in f luence  the  tone  q u a l i t y  d i f f e r e n t l y ,  
Jansson and Gabrielsson (1979). I n  t h e  h igh  frequency reg ions  
(above 21 Barks) there a r e  very weak p a r t i a l s  and thus  l i t t l e  
in f luence  on q u a l i t y .  I n  a medium frequency range (11-14 Barks) 
t h e  tone components g ive  c l ea rnes s  of s t a r t i n g  t r a n s i e n t s  and 
I 1  c a r ry ing  power", whi le  s u f f i c i e n t l y  s t r o n g  low frequency 
components a r e  necessary f o r  good tone q u a l i t y .  

From t h e  abovepresented d a t a  we can draw t h e  fo l lowing  
conclusions regarding t h e  frequency responses:  

1 )  The broadband l e v e l ,  ob ta ined  by averaging i n  c r i t i c a l  
bands of hear ing  and 

2) t h e  peaktn. i . e .  t he  peak-to-dip r a t i o ,  
a r e  Important and determine t o n a l  q u a l i t i e s .  

Function, model and a c o u s t i c a l  q u a l i t i e s  

Our model presented  above i n d i c a t e s  t h a t  two f a c t o r s  a r e  c r u c i a l  
f o r  t h e  func t ions :  1 )  t h e  balance between t h e  upper and lower 
p a r t  wi th  r e spec t  t o  t h e  bridge-sound p o s t  r eg ion  ( a f f e c t s  
t h e  d r iv ing )  and 2)  t h e  r e l a t i o n s h i p  between t h e  p r o p e r t i e s  
of the top p l a t e  and those  of t h e  back p l a t e  (determining 
boundary condi t ionfor  t he  v i b r a t i o n s  of t h e  top  p l a t e .  It 
i s  d i f f i c u l t  t o  r e l a t e  t hese  two f a c t o r s  t o  t h e  frequency 
responses and t o  t h e  long-time-average-spectra except  i n  some 
genera l  terms. 

The peaks of the frequency response curves o r i g i n a t e  from 
resonances and t h e i r  r a d i a t i o n  p r o p e r t i e s .  For i n s t a n c e ,  a 
c e r t a i n  number of h ighe r  resonances must be s u f f i c i e n t l y  
exc i t ed  i n  o r d e r  t o  g ive  a frequency response w i t h  f avo rab le  



peakiness .  For a  top p l a t e  wi th  i t s  upper and lower p a r t s  
w e l l  balanced wi th  r e s p e c t  t o  t he  br idge  reg ion ,  such an 
e x c i t a t i o n  of h ighe r  resonances can probably be achieved 
by a d j u s t i n g  t h e  p o s i t i o n  of t h e  soundpost proper ly .  

The peak-to-dip r a t i o ,  i , e ,  a  measure of peak h e i g h t s  
and d i p  depths,  i n  t h e  frequency response i s  determined 
t o  a  l a r g e  e x t e n t  by t h e  f r i c t i o n a l  l o s s e s  i n  t h e  whole 
v i o l i n ,  For i n s t ance  the  l o s s e s  i n  g lue  j o i n t s  between 
top  p l a t e  and r i b s  can be made excessive,  thus  reducing t h e  
peak-to-dip r a t i o .  Broad band l e v e l s ,  a s  those  of t h e  long- 
t ime-average-spectra,  can a t  l e a s t  t o  some e x t e n t  be  a f f e c t e d  
by "sympathetic" v i b r a t i o n s  of t he  r i b s  and back p l a t e s .  
Such v i b r a t i o n s  can " s t ea l "  v i b r a t o r y  energy from t h e  top  
p l a t e  and thus  reduce t h e  top p l a t e  v i b r a t i o n s .  The l o s s  i n  
v i b r a t o r y  energy may, however, be compensated f o r  by means 
of increased  r a d i a t i o n  e f f i c i e n c y  from t h e  "sympathetic" 
v i b r a t i o n s .  Much work seems s t i l l  t o  be needed f o r  a  r a t i o n a l  
understanding of the involved phenomena. 

Importance of wood p r o p e r t i e s ,  th ickness  and va rn i sh  

The v h l i n  maker can s e l e c t  wood with d i f f e r e n t  proper- 
t e i s ,  he can work it t o  d i f f e r e n t  shapes and th icknesses  
and he can varn ish  t h e  instrument  d i f f e r e n t l y .  I n  t h i s  sec-  
t i o n  t h e  magnitude of i n f luence  of t hese  f a c t o r s  w i l l  be  
es t imated  and compared wi th  experimental r e s u l t s .  

I n  a  paper on p r o p e r t i e s  of va rn i sh  f o r  v i o l i n ,  a  simple 
model of t h e  v i o l i n  was developed, (Schelleng 1968).  By 
means of  t h i s  model t h e  in f luence  of va rn i sh ,  m a t e r i a l  
p r o p e r t i e s  and th ickness  can be est imated.  

The major p r o p e r t i e s  of the  wood along and across  t he  
g ra in  can be measured by means of t e s t  ba r s  as  sketched 
i n  Fig.  11. 

Fig. 11. Tes t  ba r s  a )  cu t  a long (index y) and b) cut  ac ros s  
t he  g r a i n  (index X ) .  The yea r ly  r i ngs  a r e  v e r t i c a l  
i n  both cases .  



Three measures f o r  each b a r  a r e  needed, f o r  i n s t a n c e  Young's 
modulus E ( e l a s t i c i t y ) ,  t he  dens i ty  p (weight p e r  u n i t  
volume) and the  i n t e r n a l  f r i c t i o n .  I n  an e a r l i e r  i n v e s t i g a t i o n  
such measures were recorded f o r  t h e  top  p l a t e s  of 25 g u i t a r s ,  
Jansson (1978). For p r a c t i c a l  reasons t h e  t h r e e e  measures 
were expressed as  1) dens i ty ,  2) t h e  r a t i o  between e l a s t i c i t y  
and d e n s i t y  CR(or t o  be exac t  m ) , and 3) sharpness  of t h e  
f i r s t  resonance, Q. The r e s u l t s  of the  measurements a r e  given 
i n  Fig.  12. 

Fig.  12. Measured p r o p e r t i e s  of t e s t  bars :  
(average).CR, = 3 m 4/kg.sec (c lasswidth ,  
i . e .  width of the  ba r s  of the  diagram, 30 %),  
CRY = 13 m 4/kg.sec ( 6  X ) ,  = 60 (10 X), 
Q, = 135 (10 %) and 420 k g / J x  (8%) (from 
Jansson, 1978). 

Measures of t h e  p r o p e r t i e s  along t h e  g r a i n s  a r e  indexed y 
and across  t h e  g r a i n s  X .  It  can be seen t h a t  t h e  v a r i a t i o n s  
i n  p r o p e r t i e s  between d i f f e r e n t  p ieces  of wood a r e  con ide r -  1 
ab le ;  2 45 % f o r  CR,, 2 18 % f o r  CRY i n  t h e  extreme cases ;  
t h e  s tandard dev ia t ions  a r e  25 % and 10 % r e s p e c t i v e l y .  

The e f f e c t s  of t hese  d i f f e r ences  have been e s t ima ted  by 
t h e  mentioned simple model v i o l i n  and a r e  given i n  Table 1. 
( see  p.220 ). From the  t a b l e  we should expect cons iderable  
d i f f e r ences  between the  25 g u i t a r s  made of t h i s  wood. The 
f i n i s h e d  g u i t a r s  tu rned  o u t ,  however, t o  be r a t h e r  s i m i l a r  
i n  q u a l i t y .  Unfortunately only the  d i f f e r ences  between the  
g u i t a r s  could only be measured i n  terms of v a r i a t i o n s  i n  
resonance f requencies .  In s t ead  of ca l cu la t ed  f 1 8  % d i f f e r -  
ences,  t he  measured ones were w i t h i n  ' 5 % only ,  i . e .  con- 
s ide rab ly  smal le r .  The magnitude of v a r i a t i o n s  between the 
same resonances of d i f f e r e n t  g u i t a r s  were i n  agreement wi th  
expected l a r g e r  c ros sg ra in  than l o n s z r a i n  v a r i a t i o n s .  



Table 1: Estimated and measured s h i f t s  i n  broadband l e v e l s  
(BL), peak-to-dip r a t i o s  (PD) and resonance f requencies  (RF). 

a )  Estimated s h i f t s  of measured v a r i a t i o n s  i n  m a t e r i a l  
p r o p e r t i e s  

b) Measured s h i f t s  from v a r i a t i o n s  i n  m a t e r i a l  p r o p e r t i e s  

c)  Estimated s h i f t s  of a  10 % i nc rease  i n  t h i ckness  

d) Estimated s h i f t s  of 20 g o i l  varn ish  



The e f f e c t  of a  10 % change i n  t h i ckness  has a l s o  been 
es t imated  and i s  given i n  Table 1 (p. ) .  

Fig.  13. Frequency responses f o r  t h r e e  d i f f e r e n t  th ick-  
nesses:  t h i c k e r  than  normal (upper ) ,  normal 
(middle) and th inne r  than  normal (from Meinel, 
1937). 

E f f e c t s  of d i f f e r e n t  extreme th ickness  a r e  given i n  Fig. 13. 

The d i f f e r e n t  frequency responses show l a r g e  d i f f e r e n c e s  i n  
t h r e e  r e spec t s  : 

rB 

1) t h e  broadband l e v e l  i nc reases  with decreas ing  th ickness  
f o r  lower f requencies .  

4,- 
a 

3 -  

2- 

r -  

2 )  t h e  peakiness  i s  a f f e c t e d ,  a s  t h e  number of pronounced 
peaks i s  increased ,  and 
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3) t h e  f r e q u e n c i e s  of t h e  resonance peaks  a r e  lowered ( n o t e  
t h e  h i g h e s t  peak f o r  comparison).  

The changes a r e  c o n s i d e r a b l e  e s p e c i a l l y  t h e  measured s h i f t s .  

The i n f l u e n c e  of a  cover  of 20 g  o i l  v a r n i s h  on a  400 g  v i o l i n  
have been e s t i m a t e d  a f t e r  t h e  t h e o r y ,  s e e  Tab le  1 ( p .  ) .  I t  
shou ld  be n o t e d  t h a t  t h e  c r o s s g r a i n  p r o p e r t i e s  a r e  more a f f e c t e d  
t h a n  t h e  l o n g g r a i n  p r o p e r t i e s .  The e f f e c t  of v a r n i s h  a s  measured 
by l fe ine l  (1937) i s  g i v e n  i n  F ig .  14. 

F ig .  14.  Frequency r e s p o n s e s  b e f o r e  ( )  and a f t e r  
v a r n i s h i n g  (....), (from Meinel ,  1937) .  

A broadband l e v e l  d e c r e a s e  o f  1 dB cor responds  t o  a  1 0  % 
d e c r e a s e  i n  t h e  response  curve  o f  F i g .  14 .  Such a s m a l l  
d i f f e r e n c e  i s  h a r d  t o  d e t e c t  i n  t h e  response  curve .  It i s  
a l s o  c l o s e  t o  t h e  l i m i t  o f  what t h e  e a r  can d e t e c t .  A 3 dB 
d e c r e a s e  i n  t h e  peak-to-dip r a t i o  corresponds t o  1 . 5  dB,  i . e .  
i t  corresponds t o  a 20 % d e c r e a s e  o f  peak h e i g h t s  i n  F i g , l 4 .  
T h i s  p r e d i c t i o n  i s  i n  f a i r  agreement w i t h  t h e  measured s h i f t s  
o f  peak h e i g h t s .  F ig .  14 i n d i c a t e s  a l s o  a  5 t o  1 0  % i n c r e a s e  
o f  t h e  f r e q u e n c i e s  of t h e  peaks i n  t h e  lower f requency  range ,  
i . e .  t h e  e s t i m a t e s  of f requency  s h i f t s  a r e  i n  f a i r  agree -  
ment w i t h  measured r e s u l t s  f o r  t h e  v i o l i n  o f  t h e  f i g u r e .  

The r e s u l t s  p r e s e n t e d  above i n d i c a t e  t h e  f o l l o w i n g  o r d e r  
of importance:  1 )  t h i c k n e s s ,  2) m a t e r i a l  p r o p e r t i e s  and 3) 
v a r n i s h .  The i n v e s t i g a t e d  m a t e r i a l  does n o t  s u v ~ o r t  t h e  
common b e l i e f ,  t h a t  t h e  v a r n i s h  makes a  S t r a d i v a r i u s .  Other  
f a c t o r s  shou ld  indeed be more impor tan t .  
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Fig. 15. Arrangement for measurements of bridge properties 
(from Reinicke, 1973). 
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Fig. 16. Violin bridge properties,measured ( - )  and 
calculated (-----), (after Reinicke, 1937). 



The br idge  - 
Recently much a t t e n t i o n  has been d i r e c t e d  towards t h e  r o l e  of 
the  v i o l i n  br idge .  I n  a  doc tor  t h e s i s ,  fundamental p r o p e r t i e s  
were recorded and explained by Reinicke (1972). Re la t ions  be t -  
ween d r i v i n g  f o r c e  and r e s u l t i n g  v e l o c i t y  of t h e  b r i d g e ,  C.£. 
Fig.  15 (p. 223 ) , give  a  frequency response a s  i n  F ig .  16 (p. 2 2 3  ) 
The response i s  cha rac t e r i zed  by peaks a t  3 and 6  kHz. The 
r e l a t i o n  between d r i v i n g  f o r c e  and r e s u l t i n g  f o r c e  a t  each 
of t he  v i o l i n  f e e t  g ives  a  s i m i l a r  curve con ta in ing  peaks a t  
approximately the  same f requencies .  The two peaks r e s u l t  from 
two resonances: t he  f i r s t  wi th  t h e  upper p a r t  of t h e  b r idge  
rocking a t  t he  "waist" and the  second wi th  t h e  upper p a r t  
v i b r a t i n g  up and down C.£.  Fig. 6  (p. 158 ) . 
Calculated frequency responses,  assuming t h e  two resonances,  
p r e d i c t  t h e  measured responses reasonably w e l l .  C.£.  t h e  
broken l i n e s  i n  Fig. 16. When t h e  same experiments were made 
wi th  c e l l o  br idges  o t h e r  pronounced resonances were found. 
The long l e g s  of the c e l l o  b r idge  toge the r  wi th  t h e  upper p a r t  
i s  t he  main v i b r a t i n g  p a r t s ,  i n  c o n t r a s t  t o  t h e  v i o l i n  br idge  
where t h e  "legs" a r e  r i g i d .  The t h i r d  resonance of t h e  c e l l o  
br idge  i s ,  however, the  same type  as  the  f i r s t  of t h e  v i o l i n  
br idge  c .  f .  Fig. 7  (p. 159). 

The b r idge  w i l l  enhance t h e  frequency components a t  i t s  
resonance f requencies .  F ig .  17 g ives  an i d e a  of t he  l i m i t s  
w i t h i n  which t h e  resonance f requencies  can be ad jus t ed .  

Fig. 1 7 .  Force t r a n s f e r  of a  br idge  normal (- > mass- 
loaded upper p a r t  (----) and wi th  wedges i n  "cuts" (..... ), Markings a t  f requencies  of tones A 
( a f t e r  Reinicke, 1973). 



I n  t he  extreme cases  shown he re  t h e  f i r s t  resonance i s  
va r i ed  a s  much as  h . 5  kHz and t h e  second 9 kkz. It should 
be noted t h a t  t he  frequency range a t  3 kHz seems t o  be of 
g rea t  importance f o r  tone q u a l i t y ,  C.£. s ing ing  formant,(Sund- 
berg,1977).  

Experiments have shown t h a t  t he  d i f f e r e n t  s t e p s  of making 
g ive  a  moderate inf luence  on broadband spectrum l e v e l s ,  Fig.18, 
(Miiller , 1978) . 
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Fig. 18. Inf luence  of br idge  on r a d i a t e d  sound. Third oc tave  
band l e v e l s  a s  func t ion  of s t a t u s  of b r idge  f o r  
whi te  no i se  e x c i t a t i o n s  (from Miiller, 1978).  

Fig.  19. Inf luence  of t h e  c u t t i n g  of t h e  b r idge  on r a d i a t e d  
sound (As f i g .  18,  from Miiller 1978). 

The he igh t  and t h e  shape of t h e  a rch  g ive  t h e  l a r g e s t  e f f e c t s ,  
Fig.  19.But these  e f f e c t s  of t h e  br idge  modi f ica t ions  a r e  
s t i l l  small  compared t o  those  of t h e  p l a t e  t h i cknesses ,  
Fig. 20 (P. 2?h  1. 



F i g .  20. I n f l u e n c e  of w a l l  t h i c k n e s s e s s  on r a d i a t e d  sound 
( a s  F i g .  18,  from Mii l ler ,  1978) .  

Conclusions 

The r e s u l t s  of t h i s  s t u d y  can b e  summarized i n  f i v e  p o i n t s .  
P o i n t  1, t h e  f i r s t  s e n t e n c e  and p o i n t  5 a r e  a l i t t l e  s p e c u l -  
a t i v e  a s  no d e f i n i t e  d a t a  can be  found t o  v e r i f y  them. 

P o i n t  1 )  The t o p  p l a t e  i s  t h e  main sound r a d i a t o r .  I t  i s  d i -  
v i d e d  i n t o  two v i b r a t i o n  h a l v e s ,  above and below t h e  b r i d g e .  
P o i n t  2 )  The s p e c t r a l  broadband l e v e l s  i . e .  t h e  l e v e l s  i n  
c r i t i c a l  bands o f  h e a r i n g  a r e  impor tan t  t o  t h e  t o n e  q u a l i t y .  
P o i n t  3) The p e a k i n e s s  o f  t h e  f requency  response ( i . e .  t h e  
peak t o  d i p  r a t i o )  and t h e  number o f  peaks a r e  a l s o  r e l e v a n t  
f a c t o r s  t o  t o n e  q u a l i t y .  
P o i n t  4 )  The s p e c t r a l  broadband l e v e l s  a r e  determined by t h e  
t h i c k n e s s ,  t h e  m a t e r i a l  p r o p e r t i e s  and t h e  b r i d g e .  
P o i n t  5) The peak iness  o f  t h e  response  curve i s  mainly  
determined by a )  t h e  m a t e r i a l  p r o p e r t i e s  ( i n t e r n a l  f r i c t i o n ) ,  
b)  t h e  v a r n i s h  and c )  t h e  v i b r a t i o n  b a l a n c e  between t h e  upper 
and lower p a r t s  of t h e  t o p  p l a t e  w i t h  a "fulcrum a x i s "  i n  t h e  
br idge-soundpost  r eg ion .  

F i n a l l y  I would l i k e  t o  s t a t e  t h a t  a b e t t e r  u n d e r s t a n d i n g  o f  
what de te rmines  t h e  t o n a l  q u a l i t y  i n  p h y s i c a l  terms i s  t h e  
i n f o r m a t i o n  which p r e s e n t l y  i s  most needed. It  i s  c l e a r  t h a t  
t o n a l  q u a l i t y  i s  no t  a s o - c a l l e d  "onedimensionalf '  p r o p e r t y ,  
i . e .  a  p r o p e r t y  t h a t  can  b e  summarized i n  one number. I t  



seems rather that for meaningful investigations of what de- 
termines the tonal quality, it has to be split up in several 
components. Such components as carrying power, sweetness etc. 
are more likely to correlate with specific physical parameters. 
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In t roduc t ion  

I n  t h i s  paper  we s h a l l  r epo r t  on work r ecen t ly  done and nre- 
s e n t l y  i n  progress .  We s h a l l  f i r s t  descr ibe  a method, which 
allows us t o  record the  inadmit tance.  We s h a l l  d e s c r i b e  how 
i t  i s  done and how i t  can be used. Secondly we s h a l l  p re sen t  
r e s u l t s  from an i n v e s t i g a t i o n  of v i o l i n  top p l a t e s ,  which 
s t i l l  i s  i n  progress .  We can repor t  on p r o p e r t i e s  of f r e e  
p l a t e s  and a  p i l o t  s tudy of a  p l a t e  i n  an assembled body. 
F i n a l l y  we s h a l l  p resent  r e s u l t s  from a d e t a i l e d  inves t iga -  
t i o n  of t h e  func t ion  of t he  v i o l i n  body i n  t h e  frequency 
range of t h e  main wood resonance. 

Inadmi t t ance 

The c h a r a c t e r i s t i c s  of played tones of a v i o l i n  a r e  determined 
by how the  v i b r a t i o n a l  f o r c e s  of t h e  s t r i n g s  a r e  a c t i n g  on 
t h e  br idge  and how these  fo rces  a r e  accepted by t h e  b r idge .  
The fo rces  s e t  the  v i o l i n  body i n t o  v i b r a t i o n ,  which ac t iv-  
a t e s  t he  surrounding a i r  i n  t h e  room i n t o  v i b r a t i o n .  Thereby 
t h e  tones a r e  generated,  which p l aye r  and the  l i s t e n e r  hear .  
F ig .  16 (p.223) shows t h a t  c e r t a i n  simple r e l a t i o n s h i p s  e x i s t  
between t h e  br idge  acceptance of d r i v i n g  f o r c e s ,  i . e .  the in-  
admit tance,  and the  fo rce  t r a n s f e r  through t h e  b r idge  t o  t h e  
top p l a t e .  The r e l a t i o n s h i p  between inadmit tance and sound 
r a d i a t i o n  i n  a r eve rbe ra t ion  chamber ( i . e .  approx. sound 
power) has been s tudied  by Beldie (1974), Fig.  1 (p. 230). 
For f requencies  below 1 kHz the  inadmit tance curve and the  
soundradia t ion  curve show a c lose  resemblance, i . e .  t h e r e  
seems t o  be f a i r l y  simple r e l a t i onsh ips  between t h e  input  
and the  output  a s  measured by Beldie .  This  kind of soundradi- 
a t i o n  measurements demands a  s p e c i f i c  room, a  r e v e r b e r a t i o n  
chamber and s p e c i a l  d r iv ing  s i g n a l s .  Thus i t  i s  f a i r l y  com- 
p l i c a t e d  t o  o b t a i n  these  measures. The inadmit tance on t h e  
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F i g .  1. Bridge inadmi t t ance  (1 )  and sound p r e s s u r e  i n  a  
r e v e r b e r a t i o n  chamber ( 2 )  f o r  two v i o l i n s  Hutch ins  
No 180 and 181, from B e l d i e ,  1974) .  

o t h e r  hand, i s  f a i r l y  s imple  t o  measure, e s p e c i a l l y  w i t h  t h e  
t echn ique  we have developed a t  o u r  l a b o r a t o r y .  The inadmit-  
t a n c e  de te rmines  how t h e  v i b r a t i o n  f o r c e s  a r e  s e t t i n g  t h e  
v i o l i n  body i n t o  v i b r a t i o n .  The r e s u l t s  of t h e  two i n v e s t i -  
g a t i o n s  by Reinicke and B e l d i e ,  j u s t  reviewed, show f u r t h e r -  
more, t h a t  t h e  inadmi t t ance  g i v e s  in format ion  on f o r c e  t r a n s -  
f e r  and t h e  sound r a d i a t i o n  p r o p e r t i e s .  Thus,by means o f  
s imple  measurements of i n a d m i t t a n c e , v a l u a b l e  i n f o r m a t i o n  
can be o b t a i n e d  on t h e  f u n c t i o n  o f  t h e  v i o l i n ,  ( e . g .  i n t e r n a l  
f r i c t i o n a l  l o s s e s ,  f r e q u e n c i e s  of and number of resonances ) .  



I n  1975 one of t h e  a u t h o r s  (EVJ) ,  u t i l i z i n g  r e c e n t l y  de- 
ve loped  magnets ,  c o n s t r u c t e d  a  v e r y  s imple  d r i v i n g  system 
p o s s e s s i n g  i d e a l  p r o p e r t i e s  (low weight  and no i n t e r n a t i o n a l  
l o s s e s )  s e e  F i r t h  (1976a) .  F i r t h  developed t h i s  c o n s t r u c t i o n  
f u r t h e r  and made a complete "impedance head". F i g .  2 .  

Acceler 
Force 

t e  

F i g .  2 .  E x c i t a t i o n  and measurement t r a n s d u c e r  f o r  inimpedance 
and inadmitcance (from F i r t h ,  1976 b ) .  

We have found t h a t  w i t h  t h e  magnet f a s t e n e d  t o  a  m i n i a t u r e  
Brtiel & K j a e r  acce le romete r ,  i . e .  s i m i l a r  t o  t h e  impedance 
head o f  F i g .  2 bu t  w i t h o u t  t h e  f o r c e  t r a n s d u c e r ,  r e c o r d i n g s  
o f  i n a d m i t t a n c e  a r e  s imple  t o  make. Th is  magnet-accelerometer-  
t r a n s d u c e r  i s  e a s i l y  adapted t o  a  l a r g e  v a r i e t y  o f  measure- 
ments.  

I n  t h e  p rev ious  DaPer ( p ,  204) a  s imple  model of 
f u n c t i o n  of t h e  v i o l i n  was p r e s e n t e d ,  An u n c e r t a i n t y  was, how- 
e v e r  which boundary c o n d i t i o n s  a r e  g iven  by normal h o l d i n g  
of t h e  v i o l i n .  The demands r a i s e d  by t r a d i t i o n a l  hologram 
i n t e r f e r o m e t r y  ( i , e .  e i t h e r  a r i g i d  h o l d i n g  a s  t h e  j i g g  used 
f o r  i n t e r f e r o q r a m s  i n  F i g .  5 (P- 210) o r  a l o o s e  h o l d i n g  
combined w i t h  a long s t a b i l  i z a t i o n  t ime ( a s  used f o r  i n t e r -  
ferograms i n  Fig .10,  (p .  1631, cannot  be met when t h e  v i o l i n  
i s  h e l d  normally as  f o r  p l a y i n g .  R a d i a t i o n  p r o p e r t i e s  o f  a  
v i o l i n  h e l d  i n  t h e  t h r e e  d i f f e r e n t  manners d e s c r i b e d  cannot  
be  d i r e c t l y  compared, because  t h e  r a d i a t i o n  p r o p e r t i e s  a r e  
i n f l u e n r e d  d i f f e r e n t l y  by a  p l a y e r ,  by a  r i g i d  j i g g  and be 
a  frame w i t h  rubber  bands .  The i n a d m i t t a n c e ,  however, can be 
measured w i t h  r e a s o n a b l e  accuracy i n  normal v i o l i n  h o l d i n g  
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Fig. 4. Frequency responses of a violin top clate: sound 
pressure in an echoic chamber (upper) and inadmittance 
(middle) of the free plate, and inadmittance of the 
plate in assembled body. 



Therefore i t  seems important t o  measure p l a t e  p r o p e r t i e s  
be fo re  and a f t e r  assembly i n  o rde r  t o  provide  a  b a s i s  f o r  
understanding how p r o p e r t i e s  of t h e  p l a t e s  i n  an  assembled 
instrument  can be p red ic t ed  from the  p r o p e r t i e s  of t he  same 
p l a t e s  with "free' '  boundaries .  

Therefore we have s t a r t e d  an i n v e s t i g a t i o n  of f r e e  p l a t e  
p r o p e r t i e s  and the p l a t e  p r o p e r t i e s  of t h e  assembled in s tu -  
ment. This work i s  made i n  cooperat ion wi th  t h e  Catgut Acous- 
t i c a l  Soc ie ty  and Carleen M. Hutchins,  who have designed and 
made 10 top p l a t e s  w i th  d i f f e r e n t  t h i cknesses ,  a rch ing  e t c .  
We have analysed t h e  p l a t e  p r o p e r t i e s  by means of t r a d i -  
t i o n a l  methods and o u r  inadmit tance method, p rev ious ly  de- 
s c r ibed .  An example of t h r e e  d i f f e r e n t  records  of t h e  same 
p l a t e  a r e  shown i n  F ig .  4 (p. 234 ) . The upper diagram shows 
the  sound p re s su re  recorded a t  a  d i s t a n c e  of a  p l a t e  l eng th  
i n  an anechoic chamber. The middle diagram shows t h e  inad- 
mi t tance  ( acce l e ra t ion / fo rce )  recorded s imul taneous ly .  The 
lower diagram shows t h e  inadmit tance obta ined  f o r  t h e  top  
p l a t e  assembled wi th  r i b s ,  back p l a t e  and soundpost.  The 
same d r iv ing  po in t ,  16.5 cm from t a i l p i e c e  end and t h e  rubber- 
band-holding was i d e n t i c a l  i n  a l l  t h r e e  cases .  

A comparison of t h e  uDper and middle curves  r e v e a l s  t h a t  t h e  
resonance peaks appear more c l e a r l y  i n  t h e  inadmi t tance  curve 
c . f .  e s p e c i a l l y  t h e  t h e  numbered peaks below 1 kHz. This  i s  i n  
agreement with p r e d i c t i o n  based on e l e c t r i c a l  c i r c u i t  theory .  
For h igher  f requencies ,  above approx. 2 kHz t h e  two curves show 
a f a i r  agreement except  f o r  very  sharp d ips  i n  t h e  upper curve. 
These d i p s  de r ive  from r a d i a t i o n  p r o p e r t i e s .  

A comparison of t h e  middle and lower curves shows d i r e c t l y  
t h a t  t h e  peak-to-dip r a t i o  i s  lowered a f t e r  t h e  assembly. 
The number of peaks (higher  than  3 dB) has  decreased from 
34 t o  26. Estimated broadband l e v e l s  i n  t h e  two cases  a r e  
not  too d i f f e r e n t ,  somewhat h ighe r  on the  f r e e  p l a t e  below 
3 kHz bu t  somewhat lower above 4 kHz. 

The inadmit tance i s  thus as  e a r l i e r  mentioned a  very  
promising measure, i t  i s  f a i r l y  easy t o  o b t a i n ,  i t  g ives  in-  
formation which i s  easy t o  i n t e r p r e t  and i t  i s  no t  a f f e c t e d  
by the  p o s i t i o n  i n  and the  p r o p e r t i e s  of t h e  measurement 
room. Thus i t  allows f o r  a  d i r e c t  comparison of the  mi6dle 
and the  lower curves.  



From the  d e t a i l e d  i n v e s t i g a t i o n s  of t he  t e n  f r e e  p l a t e s  
by one of t he  au thors  JAP4 the  fol lowing r e s u l t s  emerged. 
1) The frequency of t he  r i n g  mode (mode number 5)  i s  propor- 
t i o n a l  t o  t h e  mass (weight) of t he  p l a t e  wi th  a  minor correc-  
t i o n  f o r  d i f f e r e n c e s  i n  a rch ing ,  Fig.  5 .  This r e s u l t  was 
i n t e r p r e t e d  a s  follows. 

60 70 80 90 

MASS M ( g )  

Fig .  5.  elation between r i n g  mode frequency and mass of t e n  
top  p l a t e s  ( c . f .  f i g .  7, p. 174). 

According t o  theory t h e  mass cannot be t h e  main f a c t o r  de t e r -  
mining t h e  ringmode frequency,  because theory p r e d i c t s  it t o  
be p ropor t iona l  t o  the inve r se  of t h e  square roo t  of t h e  mass. 
However, i f  t h e  dens i ty  ( s p e c i f i c  weight) i s  approximately 
t h e  same f o r  t h e  t e n  p l a t e s ,  then  t h e  th icknesses  of a l l  t e n  
p l a t e s  a r e  p ropor t iona l  t o  masses of  t h e  p l a t e s  and t h e  r i n g  
mode f requencies  a r e  p ropor t iona l  t o  t h e  th icknesses .  
2) S i x  resonances below 1 kHz a r e  found a t  t he  same f r e -  
quencies  i f  nomalized wi th  r e spec t  t o  t h e  r i n g  mode frequency,  
i . e .  t h e  peaks numbered 2-7 i n  Fig.  4  ( p . 2 3 4 ) .  Thus t h e  peaks 
a r e  found a t  approximately 0.5,  0.7, 1 .0,  1.3, 1.6 and 1.8 
t imes t h e  ringmode frequency r e s p e c t i v e l y .  



3) A s t r o n g  resonance i s  found a t  a frequency 2.7 t imes  t h e  
ringmode frequency i n  the  r ad i a t ed  sound. 

4) The peak-to-dip r a t i o  i s  approx. 20 dB and t h e r e  a r e  3424 
peaks below 10 kHz with the  s e l e c t e d  d r i v i n g  n o s i t i o n  along 
the  c e n t e r  l i n e  and 17.2 cm from the  t a i l p i e c e  end. 
5) The average broadband l e v e l s  above 500 Hz vary considerably 
between the  d i f f e r e n t  p l a t e s ,  ' 6 dB. 

We have reasons t o  be l i eve  t h a t  the  recorded parameters  of 
t h e  f r e e  p l a t e s  w i l l  be found i n  t he  p l a t e s  of t he  assembled 
v i o l i n s ,  a t  l e a s t  t o  some ex ten t  as i l l u s t r a t e d  i n  F ig .  4.  
Thus we should expect the  d i f f e r e n c e s  betweeen t h e  t o p  p l a t e s  
a f f e c t  q u a l i t y  parameters a s  broadband l e v e l s  and peak-to-dip 
r a t i o  according t o  r e s u l t s  presented previous ly  (D. 2 0 4 ) .  

The main wood frequency reg ion  

~ i r s t  top-plate  resonance _______-  ---_---------- 

Experiments were made t o  o b t a i n  a b e t t e r  understanding of t h e  
func t ion  of the  v i o l i n  i n  the  main wood frequency reg ion  
and e s p e c i a l l y  how t h i s  i s  a f f e c t e d  by r i b s ,  back p l a t e  and 
soundpost.  The inadmit tance was recorded i n  the  top  p l a t e  
on t h e  c e n t e r l i n e  and 16.5 cm from t h e  t a i l p i e c e  end i n  a 
normally assembled v i o l i n  and with r i b s  and back rep laced  
by heavy and r i g i d  ones ( s o l i d  wood 20 mm t h i c k  o r  more) . 
I n  t h e  normal assembly the  main resonance i n  t h e  top  p l a t e  
was found a t  536 Hz. A v i b r a t i o n  p a t t e r n  of t h i s  mode, which 
we s h a l l  l a b e l  T1 i s  shown i n  Fig.  6 ( ~ 2 3 8 ) .  An explana- 
t i o n  of how the  p a t t e r n  i s  i n t e r p r e t e d  i s  given on p.  211.  

1)  Rigid and heavy r i b s  increased  the  frequency t o  616 Hz 
(+ 15 %) 
2) Rigid and heavy back p l a t e  increased  the  frequency t o  
633 Hz, which corresponds t o  approx. + 15% s h i f t  a f t e r  sub- 
s t r a c t i n g  t h e  inf luence  of o t h e r  f a c t o r s .  
3) Removal of the a i r  volume (back p l a t e  o f f  and back s i d e  
of r i b s  qlued t o  a t h i c k  p l a t e  with a h o l e  of t h e  same s i z e  
a s  t he  inne r  contour of t h e  v i o l i n )  r e s u l t e d  i n  a frequency 
decrease  of l e s s  than 10 % ( t h e  experiment does not g ive  t h e  
frequency d i r e c t l y  a s  t h e  g lu ing  t o  t he  t h i c k  p l a t e  s t i f f e n s  
t he  r i b s ) .  





The exper iments  p r e s e n t e d  above i n d i c a t e d  t h a t  t h e  sound- 
p o s t  i s  t h e  most impor tan t  p a r t .  I t  i s  a l s o  known from v i o l i n  
making t h a t  i t  p l a y s  an impor tan t  r o l e .  T h e r e f o r e  t h e  e f f e c t s  
of i t s  p o s i t i o n  were recorded ,  F i g .  7. 

SIDE WISE POSITION (cm) 

F i g .  7 .  Frequency s h i f t s  of t h e  f i r s t  top  p l a t e  resonance  f o r  
s h i f t s  of t h e  soundpost  ~ o s i t i o n .  

I n  t h e  f i g u r e  t h e  d i f f e r e n t  soundpost  p o s i t i o n s  a r e  marked 
w i t h  a  c i r c l e ,  t h e  b i g g e r  c i r c l e  a t  o r i g o  r e p r e s e n t i n g  t h e  
normal p o s i t i o n .  The p e r c e n t  number a t  t h e  c i r c l e s  i n d i c a t e  
t h e  f requency  s h i f t  f o r  cor responding  soundpost  p o s i t i o n .  
A comparison w i t h  t h e  v i b r a t i o n  p a t t e r n  of F i g .  6 (p .  ) 
r e v e a l s  t h a t  t h e  recorded  f requency  s h i f t s  a r e  i n  good agree -  
ment w i t h  o u r  e x p e c t a t i o n s ,  i . e .  smal l  f o r  " l e n g t h  wise"  
s h i f t s  of t h e  soundpost  ( a s  drawn i n  t h e  f i g u r e )  and l a r g e r  
f o r  " s i d e  wise" s h i f t s .  



L e t  us  examine a l i t t l e  more c l o s e l y  t h e  f requency  range o f  
t h e  main wood resonance.  P r e v i o u s l y  i t  was found ( Jansson ,  
1973) t h a t  a l l  v i o l i n s  p o s s e s s  a s t r o n g  a i r  r esonance  a t  
approx.  460 Hz, i . e .  i t  f a l l s  i n  t h e  f requency  r e g i o n  o f  t h e  
main wood resonance.  I t  h a s  been shown t h a t  t h e  a i r  r esonance  
and t h e  main wood resonance  (assumed t o  s tem mainly  from t h e  
f i r s t  t o p  p l a t e  resonance)  can c o o p e r a t e  ( J a n s s o n  & Sundin 
1974) .  I n  t h i s  s t u d y  t h e  a u t h o r s  found o t h e r  phenomena t h a t  
cou ld  n o t  be accounted f o r  w i t h  r e f e r e n c e  t o  two resonances  
o n l y .  To improve o u r  u n d e r s t a n d i n g  a t  t h i s  p o i n t  a d e t a i l e d  
i n v e s t i g a t i o n  was made w i t h  inadmi t t a n c e  measurements com- 
p l e t e d  w i t h  mode t r a c i n g s  and airmode measurements. 
F i g .  8 shows resonance f r e q u e n c i e s  i n  d i f f e r e n t  s t a t e s  of 
assembly,  s t a r t i n g  w i t h  t h e  ringmode f r e q u e n c i e s  f o r  t h e  f r e e  
back (B)  and t o p  (T) p l a t e s  on t h e  upper  l i n e .  
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F i g .  8. Frequenc ies  of t h e  lowest  r esonances  i n  a t o p  (T and T1) 
and a back p l a t e  (B)  f o r  d i f f e r e n t  s t a t e s  of assembly,  i n  
a normal body w i t h  a d d i t i o n a l  a i r  r esonances  ( A o  and A , )  
and back o r  body resonances  (B1 and B 2 ) .  

With t h e  two p l a t e s  s e p a r a t e l y  g lued  t o  t h e  (normal) r i b s ,  
t h e  f i r s t  p l a t e  resonances  a r e  found a t  c o n s i d e r a b l y  h i g h e r  
f r e q u e n c i e s ,  and g l u i n g  them t o  heavy- r ig id  r i b s  g i v e s  a 
s t i l l  h i g h e r  top  p l a t e  resonance f requency.  I n  t h e  assembled 
i n s t r u m e n t  ("normal bodyn) we f i n d  t h e  f i r s t  t o p  p l a t e  res -  
onance T l a t  a f requency h i g h e r  t h a n  on " r i b s "  b u t  lower 
t h a n  on "heavy-r igid"  r i b s ,  approx.  hal fway i n  between. 
Fur thermore,  t h e r e  a r e  t h e  f r e q u e n c i e s  of two a i r  r esonances  



i n  assembly "normal body", t he  Helmholtz resonance A and 
t h e  a i r  resonance AI, which a r e  c l o s e  t o  T1. But i n  a a d i t i o n  
t o  t h i s ,  two more resonances (B and B,) a r e  found. L G, 

Four resonances i n  t h e  main wood resonance frequency range ........................................ ---- ---- 
I n  t h e  i n v e s t i g a t i o n  mentioned above (by Jansson & Sundin 
1974) of h e  main wood frequency reg ion  it was assumed t h a t  
an a n a l y s i s  of modes A1 and T1 would s u f f i c e  t h e  two middle 
p a t t e r n s  of Fig.  9 ,  bu t  ev iden t ly  t h e  B1 and B2 modes may 
be  impor tan t ,  the  l e f t  and r i g h t  p a t t e r n s  of F ig .  9 .  

F ig .  9. Vibra t ion  p a t t e r n s  of t h e  back o r  body modes (B1 
f i r s t  higher  airmode (A1) and f i r s t  t o p  p l a t e  mode and (T1 

Note t h a t  t h e  B1 and B2 a l s o  can be  found i n  t h e  Stetson-  
Taylor  interferograms Pig .  10 (p.163 ) .  Furthermore, t h e  B1 
mode was recorded by Reinicke-Cremer(1970), Le t  u s  s t a r t  t o  
s e e  what frequency s h i f t s  occur  t o  a l l  t h e  f i v e  resonances 
under condi t ions  of normal assembly and f o u r  coa r se  per turba-  
t i o n ~ .  Fig.  10. 
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Fip.  10. Frequencies of t h e  lowest resonances of a v i o l i n  body i n  
d i f f e r e n t  s t a t e s  of assembly; a i r  modes (Ao and AI), back 
o r  body modes (B ,  B1 and B ) and f i r s t  top  p l a t e  resonance 
(T1) 
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It  i s  c l e a r l y  shown i n  F j g .  10 t h a t  t h e  resonance  f r e q u e n c i e s  
A. and A1 a r e  s h i f t e d  modera te ly ,  b u t  t h a t  t h o s e  o f  B1, Tl 
and B 2  a r e  s h i f t e d  c o n s i d e r a b l y .  The B and B 2  modes were n o t  1 
found w i t h i n  t h e  range of measurements f o r  t h e  t h r e e  lower 
s t a t e s  of assembly ( t h e  l a s t  one b e i n g  s e l f e v i d e n t ) .  

So f a r  we have shown r e s u l t s  o f  f requency  measurements,  
i .e .  a p a r a m e t e r  which i s  probab ly  n o t  t o o  i m p o r t a n t  by it- 
s e l f  b u t  p robab ly  a good g e n e r a l  i n d i c a t i o n  of o t h e r  i m p o r t a n t  
p r o p e r t i e s .  T h e r e f o r e  i n  t h e  n e x t  s t e p  we w i l l  show d e t a i l e d  
f requency  r e s p o n s e s  i . e .  i n f o r m a t i o n  b o t h  on v i b r a t i o n  l e v e l  
and f requency .  Recorded i n a d m i t t a n c e s  a r e  p l o t t e d  i n  F i g .  11 
1 )  f o r  normal assembly,  2 )  f o r  no soundpost  and 3 )  f o r  r i g i d  
and heavy back p l a t e .  

- NORMAL 
- - - NO SOUND POST 

HEAVY-RIGID BACK 

- \  / 
'-1 

I I * 1 , I 1 
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F i g .  11. I n a d m i t t a n c e  c u r v e s  f o r  t h r e e  d i f f e r e n t  a s s e m b l i e s ;  a i r  
r esonances  (A and AI), back o r  body r e s o n a n c e s  (B1 and B?) 

0 
and f i r s t  t o p  o l a t e  resonance  (T1). 

The normal assembly p l o t  shows c l e a r l y  f i v e  peaks  correspond-  
i n g  t o  t h e  f i v e  p r e v i o u s l y  d i s c u s s e d  resonances ,  &, T1 and 
B2 b e i n g  t h e  most prominent ones .  By removing t h e  s o u n d ~ o s t  
t h e  T1 resonance  i s  lowered c o n s i d e r a b l y  i n  f requency  a s  h a s  
been p r e v i o u s l y  shown (F ig  - 1 0 ) .  F i g .  11 f u r t h e r m o r e  shows 
t h a t  t h e  Alepeak becomes more prominent w h i l e  t h e  B2 peak 
v a n i s h e s .  Wlth heavy and r i g d  back p l a t e  t h e  T1 peak i s  pro- 
minent a t  a h i g h  f requency  w h i l e  t h e  Ao, B1, A1 and B 2  peaks 
have van i shed .  These r e s u l t s  demons t ra te  t h a t  t h e  resonance 
f requency  s h i f t s  a r e  accompanied by c o n s i d e r a b l e  v a r i a t i o n s  
of i n a d m i t t a n c e  l e v e l .  Thus t h e  r e s u l t s  s u p p o r t  t h e  s t a t e -  
ment t h a t  t h e  resonance  f r e q u e n c i e s  may be  i m p o r t a n t  a s  
i n d i r e c t  measures of o t h e r  p r o p o r t i e s  (e .g .  on t h e  q u e s t i o n  



how d i f f e r e n t  p a r t s  work toge the r )  than  they a r e  by them- 
s e l v e s .  

Let  u s  now look a  l i t t l e  c l o s e r  a t  t h e  v i b r a t i o n s  of d i f -  
f e r e n t  p a r t s ,  V ib ra t ions  a t  t h e  d r iv ing  ~ o i n t  of t h e  top  p l a t e  
v i b r a t i o n s  of t h e  back p l a t e  i n  oppos i te  p o s i t i o n  and v ibra-  
t i o n s  i n  the  a i r  volume (soundpressure i n  t h e  upper bouts )  
a r e  shown i n  F ig .  12. From t h e  diagram two major conclusions 
can be drawn. 

, I 

- TOP 

> \ I  

1' 
I I I 

300 400 500 600 

Fig .  1 2 .  Vibra t ion  l e v e l  recorded i n  t h r e e  d i f f e r e n t  p a r t s ;  
a i r  resonances (Ao and AI), back o r  body modes 
(B1 and B ) and f i r s t  top  p l a t e  resonance (T ) . 
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1 )  A l l  resonance peaks can be t r a c e d  i n  t h e  t o p  p l a t e ,  t he  
back p l a t e  and the  a i r  volume, although t h e  T1 resonance 
appears most c l e a r l y  i n  t h e  top  p l a t e  v i b r a t i o n s  (inadmit- 
t ance ) ,  t h e  a i r  resonances i n  t h e  a i r  volume v i b r a t i o n s  and 
the  B 1  and B 2  resonances i n  t h e  back p l a t e .  This  means t h a t  
t h e  v i b r a t i o n s  a r e  mainly i n  some s i n g l e  p a r t s l a r e a s  of t h e  
instrument  but  t h a t  a l l  p a r t s  may be important  f o r  t h e  
func t ion .  

2) The back p l a t e  v i b r a t i o n s  a r e  by no means n e g l e c t a b l e  i n  
t h e  main wood frequency region,  i . e .  t h e  sound r a d i a t i o n  of 
t h e  back p l a t e  cannot be neglec ted  i n  t h i s  f requency reg ion .  

Detuqigg-of - - t h e  f i r s t  fop  p l a t e  ZesoqaEce 

As a  l a s t  s t e p  l e t  us  s e e  what happens i f  we detune resonance 
T1. A top  p l a t e  was s e l e c t e d  wi th  a  f a i r l y  h igh  T1 resonance 
frequency. This  frequency was lowered i n  t h e  normal assembly 



i n  small  s t e p s  by adding small  masses. Data from approximately 
every t h i r d  out  of 12 s t e p s  of massloadings a r e  p l o t t e d  i n  
Fig.  1 3  (p.244). The f i g u r e  shows t h a t  t h e  A1 mode can 
a f f e c t  t h e  inadmit tance cons iderably .  The lowering of T1 in- 
c r eases  t h e  B 1  peak whi le  t h e  B2 peak i s  f l a t t e n e d  o u t ,  j:e. 
t h e  i n f luence  of t h e  T1 resonance inf luences  p r o p e r t i e s  
beyond i t s  own resonance frequency range. 

FREQUENCY ( tit) 

Fig .  13. Inadmit tance curves f o r  fou r  cases  of increased  mass- 
loading of t h e  f i r s t  t op  p l a t e  resonance (T1); a i r  
modes (Ao and AI) and back o r  body modes (B1 and B2). 

I n  conclusion,we have thus  found t h e  fol lowing by ou r  
d e t a i l e d  i n v e s t i g a t i o n s  of t he  main wood frequency range. 
This  frequency range i s  complex and in f luence  of fou r  r e s -  
onances can be found i n  top  p l a t e ,  i n  back p l a t e  and i n  a i r  
volume v i b r a t i o n s .  Cooperation between t h e  f a i r l y  frequency- 
f i x e d  second airmode and t h e  o t h e r  modes impl ies  t h a t  t h e  
abso lu t e  frequency of t h e  f i r s t  t o p  p l a t e  mode i s , a t  l e a s t  
i n d i r e c t l y ,  important .  

Not publ ished p i l o t  i n v e s t i g a t i o n s  sugges t  t h a t  amplitude 



balance of v i b r a t i o n s  i n  t h e  upper and t h e  lower p a r t  of t h e  
top p l a t e  a r e  l i k e l y  t o  be important  f o r  t h i s  coopera t ion .  

Conclusion 

I n  t h i s  r epo r t  we have shown t h a t  inadmit tance measurement 
i s  a powerful ana lys i s  t o o l .  The inadmit tance curve p r e d i c t s  
p r o p e r t i e s  of sound r a d i a t i o n  and i s  wel l  s u i t e d  f o r  reso- 
nance measurements. Measurements on f r e e  v i o l i n  top  p l a t e s  
i n d i c a t e  t h a t  t he  th ickness  i s  t h e  main parameter.  Measure- 
ments on a body assembly i n d i c a t e s  t h a t  four  resonances a r e  
important t o  the  func t ion  of t h e  v i o l i n  i n  t h e  frequency 
reg ion  of the  main wood resonance. 
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S O U N D  E X A M P L E S  

Side A 

Chowning: Comnuter svnthesis of the sinzing vojce. 

Track I 

Ex. 1 a) a recording of a soprano tone 
b) synthesis of the same tone with an attempt to approxi- 

mate the spectrum, portamento, and vibrato of the 
recorded tone (11"). 

2 Six voices in polyphonic texture 1 (15") 

3 Six voices in polyphonic texture 7. (21"). 

4 Voices in close harmonic voicing (4"). 

Track I1 

5 Four pitches for vowel "a" as in "father" with 

a) second formant computed from table as function of pitch 
b) second formanr at constant harmonic, i.e. transposed 

spectrum. 

Four pitches for vowel "e" as in "he" with 

c) as in (a) 
d) as in (b) (21") 

6   in ear and non-linear amplitude scaling for Anrp values of 
1.0, 0.5, 0.125, and 0.062 in 

a) with linear scaling (from eq. 3, Amp with exponents) 

b) with non-linear sc'aling (from eq. 3, Amp with exponents) (11"). 
Track I11 

7 Synthesis in steps. First fundamental, secondly fundamental 
plus harmonics, and finally fundamental plus harmonics and 
vibrato at a) 400 Hz, b) 500 Hz, c) at 600 Hz and d )  a,b, 
and c together, with indevendent vibrato parameters (1' 17"). 

8 Two examples of basso profondissimo in polyphonic tectures (48"). 



Benade: Wind instruments and music acoustics. 

Track IV 

Ex. 1 Sounding tones and their dynamic ranges of 

a) normal clarinet 
b) single-response-peak clarinet (35"). 

2 Pitch grouping during diminuendos on a specially modified 
clarinet (12"). 

Track V 

3 Multinhonics on a normal clarinet controlled via 
changes in the reed's own natural frequency (20"). 

Track V 1  

4 a) Register changes with a normal register key of a 
clarinet. 

b) Pianissimo playing gives the second register, if the 
first air column is of reduced height. 

c) Strong attacks start in the low register but the pitch 
changes up to the second register, if the first air 
column peak is of reduced height. 

d) Fortissimo playing gives the second register but the 
pitch changes up to a detuned first register during a 
diminuendo, if the first air column peak is displaced 
in frequency but left tall (1' 4"). 

Side B 

Benade: Wind instruments and music acoustics. 

Track I 

5 a) Normal clarinet sounds near C (263  H z ) .  4 
b) Fairly normal sound near C on the isospectrum clarinet. 4 
c) Dark sounding low notes of the isospectrum clarinet. 
d) Bright sounding upper notes of the isospectrum clarinet. 
e) Chromatic scale on an isospectrum clarinet gives a change 

in tone colour from dark to bright (42") . 



Track I1 

Ex. 6 a )  Normal c l a r i n e t .  Notice p i t c h ,  tone  co lour  and t h e  
r e g i s t e r  change which i s  a  musical twe l f th .  

b) C l a r i n e t  with i t s  reed and mouthpiece rep laced  by a  
f l u t e - type  head j o i n t .  Notice t h e  new p i t c h ,  tone  
co lour  and t h e  f a c t  t h a t  t h e  r e g i s t e r  changes a r e  now 
approximately an oc tave .  

c)  A simple f l u t e  tune on t h e  c l a r i n e t  wi th  t h e  f lu t e - type  
head j o i n t  (40") . 

Track I11 

Hutchins: The new v i o l i n  family.  
P- 

~osanna-benedict us-Hosanna from Mas S : "L'Hornrne arm&" by 
G.P. P a l e s t r i n a  (1525-1594) arranged by Frank Lewin 
played on the  new fami ly  of v i o l i n s .  

Treble  v i o l i n :  Gunnar Eklund 
Soprano l '  Ulf Edlund 
Mezzo 11 Sernrny Lazaroff 
Al to  I I Per Blendulf 
Tenor I l P e t e r  Molander 
Bari tone " Miroslav J o v i c  ( 3 '  56") 


