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Timbral	
  contrasts	
  in	
  music	
  

•  Timbre	
  (sound	
  quality):	
  “	
  that	
  aspect	
  of	
  a	
  
sound	
  that	
  disBnguishes	
  it	
  from	
  other	
  sounds	
  
of	
  the	
  same	
  pitch,	
  duraBon,	
  and	
  loudness.”	
  

•  Timbral	
  contrasts	
  between	
  instruments	
  used	
  
in	
  systemaBc	
  ways	
  by	
  composers	
  from	
  
numerous	
  cultures.	
  

•  But	
  organized	
  systems	
  of	
  Bmbral	
  contrasts	
  
within	
  instruments	
  of	
  a	
  culture	
  are	
  rare.	
  Why	
  
should	
  this	
  be?	
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Timbral	
  contrasts	
  in	
  music	
  cont.	
  

•  Temporal	
  profile	
  of	
  a	
  sound	
  
–  the	
  temporal	
  evoluBon	
  of	
  the	
  amplitude	
  of	
  a	
  
sound.	
  

– A	
  piano	
  tone	
  has	
  a	
  sharp	
  aOack	
  and	
  a	
  rapid	
  decay,	
  
giving	
  it	
  a	
  percussive	
  quality.	
  

– The	
  onset	
  and	
  offset	
  of	
  a	
  tone	
  played	
  in	
  a	
  legato	
  
manner	
  by	
  a	
  violin	
  are	
  much	
  more	
  gradual.	
  

–  If	
  you	
  play	
  a	
  recording	
  of	
  piano	
  music	
  backwards	
  
in	
  Bme,	
  it	
  sounds	
  like	
  a	
  different	
  instrument.	
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Timbral	
  contrasts	
  in	
  music	
  cont.	
  
•  Spectral	
  profile	
  of	
  a	
  sound	
  	
  

–  the	
  distribuBon	
  of	
  frequencies	
  that	
  make	
  up	
  a	
  sound,	
  as	
  well	
  as	
  
their	
  relaBve	
  amplitudes.	
  

•  Clarinet	
  
–  Spectrum	
  is	
  dominated	
  by	
  parBals	
  that	
  are	
  odd	
  number	
  

mulBples	
  of	
  the	
  fundamental.	
  

•  Trumpet	
  
–  Spectrum	
  doesn’t	
  have	
  this	
  asymmetric	
  frequency	
  structure.	
  

•  The	
  spectral	
  profile	
  of	
  an	
  instrument	
  depends	
  on	
  the	
  note	
  
being	
  played	
  and	
  how	
  loud	
  it	
  is	
  being	
  produced,	
  and	
  it	
  can	
  
vary	
  at	
  different	
  points	
  in	
  a	
  room	
  because	
  of	
  acousBc	
  
reflecBons.	
  	
  
–  Yet	
  humans	
  do	
  not	
  perceive	
  dramaBc	
  changes	
  in	
  Bmbre	
  because	
  

of	
  these	
  spectral	
  changes.	
  

COGS	
  200:	
  Timbre	
   5	
  



6	
  COGS	
  200:	
  Timbre	
  



7	
  COGS	
  200:	
  Timbre	
  



The	
  rarity	
  of	
  Bmbral	
  contrasts	
  as	
  a	
  
basis	
  for	
  musical	
  sound	
  systems	
  

•  Pitch	
  has	
  an	
  advantage	
  over	
  loudness	
  as	
  the	
  basis	
  
for	
  sound	
  categories	
  because	
  it	
  is	
  
mulBdimensional.	
  

•  But	
  Bmbre	
  is	
  also	
  mulBdimensional,	
  and	
  many	
  
instruments	
  can	
  produce	
  salient	
  Bmbral	
  
contrasts.	
  
– A	
  cello	
  can	
  produce	
  different	
  Bmbres	
  depending	
  on	
  
how	
  it	
  is	
  being	
  bowed,	
  by	
  stroking	
  the	
  strings	
  with	
  the	
  
wooden	
  part	
  of	
  the	
  bow,	
  or	
  by	
  plucking	
  the	
  strings;	
  
but	
  normal	
  cello	
  music	
  is	
  not	
  organized	
  around	
  
Bmbre.	
  

–  Jews	
  harp	
  and	
  Australian	
  didgeridoo	
  use	
  Bmbre.	
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The	
  rarity	
  of	
  Bmbral	
  contrasts	
  as	
  a	
  
basis	
  for	
  musical	
  sound	
  systems	
  cont.	
  

•  Physical	
  reason	
  
– DramaBc	
  changes	
  in	
  Bmbre	
  usually	
  require	
  some	
  change	
  
in	
  the	
  way	
  an	
  instrument	
  is	
  struck	
  or	
  bowed,	
  or	
  in	
  the	
  
geometry	
  or	
  resonance	
  properBes	
  of	
  the	
  instrument.	
  
•  Rapid	
  changes	
  in	
  either	
  on	
  either	
  of	
  these	
  dimensions	
  is	
  usually	
  
difficult	
  or	
  impossible.	
  

•  CogniBve	
  reason	
  
–  Timbral	
  contrasts	
  are	
  not	
  organized	
  in	
  a	
  system	
  of	
  orderly	
  
perceptual	
  distances	
  from	
  either	
  other.	
  
•  In	
  pitch,	
  having	
  a	
  system	
  of	
  intervals	
  allows	
  higher-­‐relaBons	
  to	
  
emerge:	
  	
  a	
  move	
  from	
  C	
  to	
  G	
  can	
  be	
  recognized	
  as	
  similar	
  in	
  size	
  
as	
  a	
  move	
  from	
  A	
  to	
  E—the	
  pitches	
  are	
  different	
  but	
  the	
  interval	
  
is	
  the	
  same.	
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Example	
  of	
  a	
  Bmbre-­‐based	
  musical	
  
system	
  

•  However,	
  rich	
  sound	
  systems	
  can	
  be	
  based	
  on	
  Bmbral	
  
contrasts	
  that	
  have	
  nothing	
  to	
  do	
  with	
  intervals	
  or	
  
scales.	
  

•  Drumming	
  tradiBon	
  of	
  North	
  India,	
  using	
  tabla	
  drums.	
  
•  Drum	
  strokes	
  are	
  disBnguished	
  in	
  several	
  ways.	
  
–  By	
  which	
  fingers	
  hit	
  the	
  drum,	
  the	
  region	
  of	
  the	
  membrane	
  
struck,	
  whether	
  other	
  fingers	
  damp	
  the	
  membrane,	
  etc.	
  

–  This	
  is	
  analogous	
  to	
  different	
  manners	
  and	
  places	
  of	
  
arBculaBon	
  in	
  speech.	
  

–  Each	
  kind	
  of	
  stroke	
  is	
  associated	
  with	
  a	
  speech	
  sound	
  (a	
  
nonsense	
  syllable	
  called	
  a	
  ‘bol’),	
  which	
  sounds	
  similar	
  to	
  
how	
  the	
  drum	
  stroke	
  sounds. 	
  	
  

–  hOp://www.youtube.com/watch?v=Vh3DjTbhb6o	
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Timbral	
  contrasts	
  in	
  language	
  
•  Although	
  pitch	
  contrasts	
  can	
  be	
  quite	
  organized	
  
in	
  language,	
  the	
  primary	
  dimension	
  for	
  organized	
  
sound	
  contrasts	
  in	
  language	
  is	
  Bmbre.	
  
–  Speech	
  is	
  fundamentally	
  a	
  system	
  of	
  organized	
  Bmbral	
  
contrasts.	
  

•  The	
  human	
  voice	
  is	
  the	
  supreme	
  instrument	
  of	
  
Bmbral	
  contrast.	
  
–  There	
  are	
  at	
  least	
  800	
  disBnct	
  phonemes	
  in	
  the	
  
world’s	
  languages	
  
•  Ranging	
  from	
  11	
  (5	
  vowels,	
  6	
  consonants	
  in	
  Rotokas	
  [Papua	
  
New	
  Guinea]	
  to	
  156	
  (28	
  vowels,	
  128	
  consonants	
  in	
  !Xóõ	
  
[Khoisan	
  language,	
  South	
  Africa].	
  	
  Click	
  song.	
  

•  Average:	
  	
  27	
  phonemes	
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Timbral	
  contrasts	
  in	
  language:	
  
Overview	
  

•  The	
  Bmbral	
  contrasts	
  of	
  speech	
  result	
  from	
  conBnuous	
  
changes	
  in	
  the	
  shape	
  of	
  the	
  vocal	
  tract	
  as	
  sound	
  is	
  
produced	
  from	
  various	
  sources.	
  	
  

•  With	
  consonants,	
  the	
  vocal	
  tract	
  is	
  obstructed	
  or	
  parBally	
  
obstructed	
  in	
  some	
  way	
  temporarily,	
  and	
  with	
  vowels	
  the	
  
sound	
  flows	
  through	
  the	
  vocal	
  tract.	
  

•  The	
  succession	
  of	
  Bmbral	
  contrasts	
  is	
  extremely	
  rapid,	
  e.g.	
  
10	
  phonemes	
  per	
  second.	
  

•  Consonants	
  and	
  vowels	
  tend	
  to	
  alternate.	
  
•  How	
  are	
  the	
  Bmbres	
  of	
  language	
  organized	
  with	
  respect	
  to	
  

each	
  other?	
  
–  ArBculatory	
  features	
  

•  Consonants:	
  	
  place	
  and	
  manner	
  of	
  arBculaBon.	
  
•  Vowels:	
  	
  posiBon	
  of	
  the	
  tongue	
  in	
  the	
  mouth.	
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Timbral	
  contrasts	
  among	
  vowels	
  

•  Vowels	
  are	
  the	
  most	
  musical	
  of	
  speech	
  sounds,	
  having	
  a	
  
clear	
  pitch	
  and	
  a	
  rich	
  harmonic	
  structure.	
  

•  Number	
  of	
  vowels	
  in	
  a	
  language	
  ranges	
  from	
  3-­‐24,	
  average	
  
5.	
  	
  American	
  English	
  has	
  about	
  15,	
  depending	
  on	
  dialect,	
  
usually	
  less.	
  

•  Vowels	
  are	
  normally	
  voiced,	
  resulBng	
  from	
  the	
  vibraBon	
  of	
  
the	
  tensed	
  vocal	
  folds	
  as	
  air	
  from	
  the	
  lungs	
  rushes	
  past	
  
them,	
  resulBng	
  in	
  a	
  buzzing	
  source.	
  

•  The	
  sound	
  source	
  has	
  a	
  frequency	
  spectrum	
  that	
  consists	
  of	
  
a	
  fundamental	
  frequency	
  (F0,	
  corresponding	
  to	
  the	
  
perceived	
  pitch)	
  and	
  a	
  large	
  number	
  of	
  harmonics.	
  
–  The	
  strongest	
  harmonics	
  are	
  in	
  the	
  bass,	
  typically	
  being	
  the	
  first	
  

5	
  or	
  6	
  mulBples	
  of	
  the	
  fundamental.	
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Timbral	
  contrasts	
  among	
  vowels	
  cont.	
  

•  The	
  tongue’s	
  posiBon	
  in	
  the	
  vocal	
  tract	
  results	
  
in	
  acousBc	
  resonances	
  that	
  filter	
  the	
  
underlying	
  source	
  spectrum	
  via	
  the	
  emphasis	
  
of	
  certain	
  frequency	
  bands.	
  
– The	
  posiBon	
  and	
  sharpness	
  of	
  these	
  resonances,	
  
called	
  formants,	
  provide	
  the	
  vowel	
  with	
  its	
  
characterisBc	
  Bmbre,	
  which	
  in	
  turn	
  determines	
  its	
  
linguisBc	
  idenBty.	
  	
  	
  

– The	
  posiBon	
  of	
  the	
  first	
  two	
  formants	
  (F1	
  and	
  F2)	
  
are	
  the	
  most	
  important	
  due	
  for	
  vowel	
  idenBty.	
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Timbral	
  contrasts	
  among	
  vowels	
  cont.	
  

•  The	
  vowels	
  of	
  any	
  language	
  can	
  be	
  represented	
  by	
  
placing	
  them	
  on	
  a	
  graph	
  whose	
  axes	
  are	
  the	
  center	
  
frequencies	
  of	
  F1	
  and	
  F2.	
  

•  Vowels	
  seem	
  to	
  be	
  organized	
  into	
  acousBc	
  regions	
  with	
  
beOer	
  or	
  more	
  prototypical	
  exemplars	
  in	
  the	
  middle	
  of	
  
the	
  region.	
  

•  There	
  is	
  a	
  strong	
  relaBonship	
  between	
  the	
  arBculatory	
  
configuraBon	
  and	
  the	
  acousBcs	
  of	
  the	
  vowel.	
  
•  The	
  dimension	
  of	
  tongue	
  height	
  (high,	
  mid,	
  low)	
  determines	
  F1.	
  
•  The	
  dimension	
  of	
  tongue	
  backness	
  (back,	
  central,	
  front)

determines	
  F2.	
  
•  Roundness	
  of	
  the	
  lips	
  is	
  a	
  third	
  disBncBve	
  feature,	
  and	
  

nasalizaBon	
  is	
  also	
  used.	
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Timbral	
  contrasts	
  among	
  vowels	
  cont.	
  

•  The	
  acousBc	
  structure	
  of	
  a	
  vowel	
  can	
  vary	
  a	
  
great	
  deal	
  depending	
  on	
  context.	
  
– Rapid	
  and	
  informal	
  speech	
  to	
  adults	
  
– Speech	
  in	
  isolaBon.	
  
– Hyper-­‐clear	
  speech	
  to	
  infants	
  (Motherese).	
  

•  The	
  amount	
  of	
  acousBc	
  variaBon	
  between	
  
different	
  tokens	
  of	
  vowels	
  in	
  speech	
  exceeds	
  
the	
  variaBon	
  between	
  different	
  tokens	
  of	
  the	
  
same	
  note	
  or	
  pitch	
  interval	
  in	
  music.	
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A	
  brief	
  introducBon	
  to	
  the	
  spectogram	
  

•  Spectogram:	
  	
  a	
  series	
  of	
  spectra	
  taken	
  at	
  successive	
  
points	
  in	
  Bme	
  that	
  allow	
  us	
  to	
  view	
  the	
  temporal	
  
evoluBon	
  of	
  the	
  frequency	
  structure	
  of	
  a	
  signal.	
  
–  Time:	
  	
  horizontal	
  axis.	
  
–  Frequency:	
  verBcal	
  axis.	
  
–  Spectral	
  amplitude:	
  higher	
  amplitudes	
  are	
  darker.	
  

•  The	
  individual	
  harmonics	
  can	
  no	
  longer	
  be	
  seen.	
  
–  Instead	
  one	
  sees	
  broad	
  energy	
  bands	
  that	
  correspond	
  to	
  
the	
  formants,	
  as	
  well	
  as	
  thin	
  verBcal	
  striaBons	
  
corresponding	
  to	
  the	
  fundamental	
  period	
  of	
  the	
  vocal	
  fold	
  
vibraBon.	
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A	
  brief	
  introducBon	
  to	
  the	
  	
  	
  
spectogram	
  cont.	
  

•  The	
  formants	
  of	
  speech	
  are	
  in	
  almost	
  constant	
  
moBon.	
  

•  Vowels	
  are	
  not	
  the	
  only	
  phonemes	
  with	
  
formants.	
  

•  The	
  boundaries	
  of	
  words	
  do	
  not	
  necessarily	
  
correspond	
  to	
  obvious	
  acousBc	
  disconBnuiBes	
  
in	
  the	
  waveform	
  or	
  the	
  spectrogram.	
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Mapping	
  linguisBc	
  Bmbral	
  contrasts	
  
onto	
  musical	
  sounds	
  

•  Vocables	
  (nonsense	
  syllables)	
  are	
  used	
  to	
  
represent	
  musical	
  sounds	
  in	
  many	
  cultures.	
  
– We	
  have	
  the	
  soflége	
  system:	
  do,	
  re,	
  mi,	
  fa,	
  so,	
  la,	
  
1,	
  do.	
  

– More	
  interesBng	
  are	
  cases	
  where	
  there	
  seems	
  to	
  
be	
  some	
  acousBc	
  similarity	
  between	
  the	
  vocables	
  
and	
  the	
  musical	
  sounds.	
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Mapping	
  linguisBc	
  Bmbral	
  contrasts	
  
onto	
  musical	
  sounds	
  cont.	
  

•  Players	
  of	
  the	
  tabla	
  have	
  the	
  intuiBon	
  that	
  the	
  vocables	
  
in	
  their	
  tradiBon	
  resemble	
  the	
  drum	
  sounds.	
  
–  Patel	
  &	
  Iverson	
  2003	
  invesBgated	
  this.	
  
–  /dha/	
  is	
  a	
  combinaBon	
  of	
  a	
  /ta/	
  stroke	
  on	
  the	
  bayan	
  and	
  
a	
  /ghe/	
  stroke	
  on	
  the	
  dayan.	
  

–  The	
  drummed	
  /dha/	
  composite	
  sound	
  has	
  a	
  brief	
  period	
  of	
  
frequency	
  modulaBon	
  (FM)	
  at	
  the	
  beginning	
  followed	
  by	
  a	
  
longer	
  period	
  of	
  stability.	
  

–  The	
  word	
  /dha/	
  starts	
  with	
  an	
  aspirated	
  voiced	
  stop	
  and	
  
then	
  moves	
  into	
  a	
  steady	
  state	
  vowel.	
  Very	
  similar	
  to	
  the	
  
drum	
  stroke.	
  

–  Both	
  show	
  a	
  higher	
  raBo	
  of	
  low	
  frequency	
  to	
  high	
  
frequency	
  energy	
  during	
  the	
  iniBal	
  segment.	
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Consonants	
  and	
  vowels	
  as	
  learned	
  
sound	
  categories	
  in	
  language	
  

•  Evidence	
  abounds	
  that	
  experience	
  with	
  speech	
  
produces	
  a	
  mental	
  framework	
  of	
  sound	
  
categories	
  that	
  influences	
  the	
  percepBon	
  of	
  
linguisBc	
  sound.	
  

•  The	
  framework	
  allows	
  a	
  listener	
  to	
  transform	
  
acousBcally	
  variable	
  tokens	
  into	
  stable	
  mental	
  
categories.	
  

•  We	
  will	
  look	
  at	
  behavioral	
  evidence	
  pertaining	
  to	
  
consonants	
  and	
  then	
  neural	
  evidence	
  pertaining	
  
to	
  vowels.	
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Consonants:	
  percepBon	
  of	
  nonnaBve	
  
contrasts	
  

•  English:	
  /r/	
  and	
  /l/	
  are	
  disBnct	
  phonemes,	
  but	
  in	
  
Japanese	
  the	
  sounds	
  for	
  a	
  single	
  /r/-­‐like	
  
phoneme.	
  

•  Iverson	
  et	
  al	
  2003	
  created	
  an	
  acousBc	
  matrix	
  
of	
  	
  	
  /la/	
  and	
  /ra/	
  sounds.	
  
–  English	
  speakers	
  labeled	
  the	
  lex	
  half	
  as	
  /ra/	
  and	
  the	
  
right	
  half	
  as	
  /la/,	
  but	
  Japanese	
  speakers	
  labeled	
  all	
  but	
  
one	
  as	
  /ra/.	
  

–  English	
  speakers	
  showed	
  a	
  peak	
  in	
  discriminaBon	
  
when	
  the	
  two	
  tokens	
  straddled	
  the	
  boundary,	
  but	
  
Japanese	
  speakers	
  showed	
  no	
  such	
  peak.	
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Consonants:	
  percepBon	
  of	
  nonnaBve	
  
contrasts	
  cont.	
  

– Mappings	
  on	
  a	
  similarity-­‐raBng	
  task	
  showed	
  a	
  
completely	
  different	
  way	
  of	
  perceptually	
  
“warping”	
  the	
  acousBc	
  space.	
  
•  English	
  speakers	
  were	
  most	
  sensiBve	
  to	
  F3	
  difference.	
  
•  Japanese	
  speakers	
  were	
  more	
  sensiBve	
  to	
  variaBon	
  in	
  
F2.	
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Consonants:	
  percepBon	
  of	
  nonnaBve	
  
contrasts	
  cont.	
  

•  Werker	
  et	
  al	
  1981	
  showed	
  that	
  prior	
  to	
  6	
  months	
  
of	
  age	
  Canadian	
  infants	
  could	
  discriminate	
  two	
  
different	
  forms	
  of	
  /t/	
  in	
  Hindi,	
  but	
  Canadian	
  
adults	
  could	
  not.	
  
–  This	
  ability	
  was	
  gone	
  by	
  1	
  year	
  of	
  age.	
  	
  	
  

•  Best	
  et	
  al.	
  1988	
  showed	
  that	
  both	
  American	
  
infants	
  and	
  adults	
  could	
  discriminate	
  between	
  
click	
  sounds	
  from	
  Zulu.	
  
–  This	
  shows	
  that	
  adults	
  can	
  disBnguish	
  sounds	
  that	
  do	
  
not	
  resemble	
  anything	
  in	
  the	
  naBve	
  language.	
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Vowels:	
  Brain	
  responses	
  to	
  naBve	
  
versus	
  nonnaBve	
  contrasts	
  

•  Mismatch	
  negaBvity	
  (MMN)	
  technique	
  can	
  be	
  applied	
  
to	
  speech	
  percepBon.	
  

•  Näätänen	
  et	
  al	
  1997	
  used	
  as	
  a	
  standard	
  a	
  vowel	
  /e/	
  
that	
  occurs	
  in	
  both	
  Finnish	
  and	
  Estonian.	
  

•  The	
  deviants	
  were	
  four	
  vowels	
  that	
  ranged	
  
between	
  	
  	
  	
  	
  /e/	
  and	
  /o/	
  via	
  manipulaBon	
  of	
  F2.	
  
–  Three	
  deviants	
  corresponded	
  to	
  vowels	
  found	
  in	
  both	
  
languages,	
  but	
  one	
  /ö/	
  only	
  occurs	
  in	
  Estonian.	
  

•  Only	
  for	
  /ö/	
  did	
  the	
  MMN	
  differ	
  between	
  groups.	
  
–  Estonians	
  showed	
  a	
  significantly	
  larger	
  MMN	
  to	
  /ö/,	
  
suggesBng	
  that	
  a	
  learned	
  sound	
  category	
  was	
  modulaBng	
  
the	
  brain’s	
  response.	
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