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In	  this	  talk	  

•  An	  overview	  of	  the	  evolu0on	  of	  the	  vocal	  tract	  

•  Illustra0ons	  of	  the	  use	  of	  computer	  models	  

•  A	  brief	  overview	  of	  what	  has	  been	  achieved	  

•  And	  an	  interes0ng	  open	  problem…	  



Fossils	  for	  speech?	  

•  There	  is	  only	  one	  0ny	  bone	  in	  the	  vocal	  tract	  
– The	  hyoid	  bone	  
– And	  that	  is	  not	  connected	  to	  any	  other	  bone	  

•  The	  rest	  is	  soD	  0ssue	  
– And	  almost	  doesn’t	  fossilize	  at	  all	  
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Vocal	  tract	  comparison	  
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(Young) Gorilla Chimpanzee Human Male 



But	  what	  is	  the	  effect?	  

•  By	  looking	  at	  the	  images,	  we	  cannot	  tell	  what	  
the	  effect	  of	  these	  changes	  is	  
– Or	  whether	  they	  are	  related	  to	  speech	  at	  all	  

•  This	  is	  where	  computer	  models	  come	  in	  



Four	  approaches	  

•  Reconstruc0ons	  of	  ar0culatory	  range	  

•  Inves0ga0on	  of	  hypothe0cal	  anatomies	  

•  Reconstruc0on	  of	  speech	  sounds	  

•  Modeling	  popula0on	  behavior	  



1:	  Reconstruc0on	  
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A speaker’s maximal vowel space is the 
size of the signal space that they can produce 



How	  to	  make	  a	  maximal	  space	  
•  Given	  

–  A	  tube	  of	  a	  certain	  length	  
–  A	  maximal	  area	  	  

(anatomical	  limit)	  
–  A	  minimal	  area	  	  

(turbulence)	  

•  There	  are	  given	  maximally	  
dis0nc0ve	  ar0cula0ons	  
–  How	  can	  we	  achieve	  these?	  

Length = 16 cm 
Minimal:maximal area = 1:8  



Reconstruc0ons	  of	  ar0culatory	  range	  

•  The	  oldest	  kind	  of	  modeling	  	  
(Lieberman	  et	  al.	  1969)	  

Lieberman	  et	  al.	  1972	  



Boë	  et	  al.’s	  model	  

•  A	  different	  model	  was	  made	  
by	  Boë	  et	  al.	  	  
– With	  a	  different	  (more	  
modern)	  reconstruc0on	  

–  And	  with	  a	  very	  different	  
computa0onal	  model	  
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VLAB:	  Boë’s	  model	  

•  Vocal	  tract	  laboratory	  
–  Formerly	  VLAM	  –	  
Variable	  Linear	  
Ar0culatory	  Model	  

•  The	  dimensions	  of	  
different	  parts	  of	  the	  
tract	  can	  be	  controlled	  
–  Based	  on	  X-‐ray	  and	  
developmental	  data	  

From a presentation by Boë 



Controversy	  (1)	  

•  In	  order	  to	  make	  such	  a	  
model,	  you	  have	  to	  make	  
many	  assump0ons	  
–  In	  which	  the	  anatomical	  
reconstruc0on	  is	  the	  “easiest”	  
part	  

– But	  you	  need	  to	  make	  guesses	  
about	  physiology	  and	  control	  
as	  well	  

de Boer & Fitch 2010, Adapt. Beh. 18: 36- 



Controversy	  (2)	  

•  In	  addi0on,	  the	  debate	  has	  been	  muddled	  by	  
confusing	  two	  independent	  ques0ons	  
– Did	  Neandethals	  speak?	  
cannot	  really	  be	  answered	  

– Did	  the	  vocal	  tract	  evolve	  for	  speech?	  
I	  would	  argue	  this	  can	  be	  answered	  



2:	  Hypothe0cal	  anatomies	  



Hypothe0cal	  anatomies	  

•  There	  are	  too	  many	  unknowns	  in	  vocaliza0on	  
– Any	  reconstruc0on	  can	  be	  disputed	  

•  In	  order	  to	  progress	  we	  must	  inves0gate	  
hypothe0cal	  anatomies	  
– But	  why	  inves0gate	  something	  that	  doesn’t	  exist?	  



Op0mality	  Theory	  

•  We	  can	  ask	  ourselves:	  
– Did	  the	  modern	  vocal	  tract	  evolve	  
for	  speech?	  

–  If	  it	  is	  op0mal	  for	  vocaliza0on,	  then	  
most	  likely:	  yes	  (Parker	  and	  
Maynard	  Smith	  1990)	  	  

–  To	  establish	  op0mality,	  explore	  
neighboring	  anatomical	  
configura0ons	  

– Useful,	  even	  if	  these	  configura0ons	  
are	  hypothe0cal	  

Gets	  worse	  in	  all	  direc0ons	  

Op0mum	  



The	  Mermelstein	  model	  

•  Based	  on	  geometrical/
anatomical	  modelling	  of	  
an	  X-‐ray	  film	  

•  Developed	  at	  Bell	  
laboratories	  
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Optimality 
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3:	  Reconstructed	  sounds	  



Reconstructed	  sounds	  (1)	  

•  In	  reconstructed	  and	  hypothe0cal	  anatomies	  
– Range	  of	  sounds	  is	  not	  necessarily	  a	  subset	  of	  
present-‐day	  speech	  sounds	  

– OK,	  if	  anatomy	  is	  quali-‐	  
ta0vely	  comparable	  

– But	  even	  then,	  the	  range	  
may	  be	  very	  different	  

B
oe et al. 2002 



Air	  sacs	  
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Hyoid	  bones	  

Human Chimpanzee Gorilla 



Hyoid	  bones	  

Human Chimpanzee 
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(Alamseged et al. 2006) 
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Hyoids	  and	  air	  sacs	  

•  The	  hyoid	  bulla	  helps	  to	  
keep	  the	  connec0on	  to	  
the	  air	  sac	  open	  (?)	  

•  Australopithecines	  had	  
air	  sacs,	  Neanderthals	  
didn’t	  
– But	  what	  does	  this	  have	  
to	  do	  with	  speech?	  



Reconstructed	  sounds	  (2)	  

•  How	  would	  sounds	  with	  non-‐human	  like	  
formant	  pakerns	  have	  been	  perceived?	  
– For	  example,	  an	  air	  sac	  causes	  qualita0vely	  
different	  formant	  pakerns	  
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Reconstructed	  sounds	  (3)	  

•  Hearing	  appears	  to	  be	  more	  conserva0ve	  
(although	  there	  is	  discussion	  about	  how	  conserva0ve	  exactly)	  

•  But	  even	  if	  there	  are	  small	  differences	  
– Experiments	  with	  modern	  subjects	  are	  more	  
informa0ve	  than	  specula0on	  

[a]	  

[ə]	  

de Boer (2012) J. Hum. Evol. 62: 1 
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3:	  Models	  of	  Cultural	  Change	  



Computa0onal	  models	  

•  Self-‐organiza0on	  in	  vowel	  systems	  

•  Emergence	  of	  phonemic	  structure	  



The	  aim	  of	  the	  study	  
•  Explain	  universals	  of	  vowel	  systems	  

–  Why	  are	  do	  certain	  (combina0ons	  of)	  vowels	  occur	  more	  oDen	  than	  
others	  
(acous0c	  dis0nc0veness)	  

–  How	  does	  the	  op0misa0on	  take	  place?	  

•  Hypothesis	  
–  Self-‐organisa0on	  in	  a	  popula0on	  under	  constraints	  of	  produc0on,	  

percep0on,	  learning	  causes	  op0mal	  systems	  to	  emerge 	  	  

•  Model	  
–  Agent-‐based	  model	  
–  Imita)on	  games	  



Architecture	  

For	  vowels:	  
•  Realis0c	  produc0on	  

ar0culatory	  synthesiser	  
(Maeda,	  Valleé)	  

•  Realis0c	  percep0on	  
Formant	  weigh0ng	  
(Mantakas,	  Schwarz,	  Boë)	  

•  Learning	  model	  
Prototype	  based	  associa0ve	  
memory	  

Sounds 

Production Perception 

Associative 
Memory 



The	  interac0ons	  
•  Imita0on	  with	  categorical	  percep0on	  

–  Humans	  hear	  speech	  signals	  as	  the	  nearest	  phoneme	  in	  their	  language	  
(?)	  

•  Correctness	  of	  imita0on	  depends	  not	  only	  on	  the	  signals	  
used,	  but	  also	  on	  the	  agents’	  repertoires	  

Initiator Imitator 



Imita0on	  failure	  

Initiator Imitator 



Reac0ons	  to	  imita0on	  game	  
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The	  emergence	  of	  vowel	  systems	  
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 de Boer, 2000, J. Phon 28: 441- 



Combinatorial	  speech	  

•  Human	  speech	  is	  combinatorial	  
•  Ape	  speech	  is	  not	  
•  For	  produc0ve	  use,	  special	  abili0es	  appear	  to	  be	  
necessary	  

•  But	  how	  would	  that	  evolve	  if	  the	  language	  itself	  is	  
not	  already	  combinatorial?	  

•  Chicken	  and	  egg	  problem	  of	  language	  evolu0on	  



Hypothesis	  

•  Op0mizing	  dis0nc0veness	  of	  trajectories	  that	  
are	  stretched	  out	  in	  0me	  results	  in	  superficial	  
combinatorial	  structure	  

•  Can	  occur	  when	  there	  is	  a	  growing	  repertoire	  
of	  ukerances	  

•  Produc0ve	  use	  follows	  later	  
•  Work	  together	  with	  Jelle	  Zuidema	  



The	  basic	  algorithm	  

•  Repeat	  un0l	  convergence:	  
1.  Select	  a	  random	  trajectory	  from	  the	  repertoire	  
2.  Make	  a	  random	  change	  to	  this	  repertoire	  
3.  Check	  whether	  total	  distance	  increases	  
4.  If	  yes,	  keep	  change	  



Trajectories	  

•  Points	  on	  a	  trajectory	  are	  equidistant,	  but	  can	  
have	  any	  angle	  with	  respect	  to	  each	  other	  

•  Trajectories	  exist	  in	  a	  
square	  2-‐D	  space	  

d 



ShiDing	  a	  trajectory	  

•  Randomly	  select	  a	  point	  and	  shiD	  it	  over	  a	  
random	  vector	  

•  Itera0vely	  shiD	  preceding	  and	  following	  points	  
on	  trajectory	  in	  the	  direc0on	  of	  neighboring	  
points	  



ShiDing-‐example	  (1)	  



ShiDing-‐example	  (2)	  



ShiDing-‐example	  (3)	  



ShiDing-‐example	  (4)	  



ShiDing-‐example	  (5)	  



ShiDing-‐example	  (6)	  



ShiDing-‐example	  (7)	  



Results	  
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Random	  vs.	  op0mal	  

10-2 10-1 100 101 102
0

0.05

0.1

0.15

0.2

0.25
phonemicity distribution (square space)

phonemicity

de
ns

ity

12 trajectories
18 trajectories
24 trajectories
30 trajectories



Are	  corners	  necessary?	  
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And	  in	  a	  popula0on?	  

•  Direct	  op0miza0on	  is	  chea0ng	  in	  a	  sense	  
•  What	  if	  self-‐organiza0on	  in	  a	  popula0on	  has	  
to	  do	  the	  work?	  
– Very	  calcula0on	  intensive	  



Op0misa0on	  and	  popula0on	  

de Boer & Zuidema, 2010, Adapt. Beh. 18: 141- 



The	  results…	  

•  Show	  that	  trajectories	  stretch	  out	  and	  corners	  
are	  reused	  

•  Looks	  like	  phonemic	  coding	  
•  But	  the	  speakers	  are	  not	  aware	  of	  this	  

•  Cultural	  precursor	  to	  biological	  adapta0on	  to	  
produc0ve	  use	  of	  structure	  



3:	  An	  open	  problem	  
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Several distinct abilities needed to converge before com-
plex speech abilities became available to our ancestors. No
single factor (or single mutation) could be solely responsible.
At a minimum, speech production required changes in both
peripheral mechanisms (relating to vocal acoustics and
anatomy) and central neural mechanisms (those that under-
lie vocal control and imitation). With respect to the timing
of these innovations, the fossil data have proven inconclusive,

and the traditional focus on such data has diverted attention
from questions that can be addressed using data from living
species. In particular, data from nonhuman primates allow us
to infer ancestral functions of vocalization in early hominids,
whereas data from more distantly related species that have
convergently evolved vocal imitation (cetaceans, seals and
birds) allow us to generate and test hypotheses about the
function or functions of vocal learning. 

Human speech uses rapid variations
in various acoustic parameters to pack
a startling amount of information
into a short utterance. The basic ma-
chinery that underlies this process is
very similar in humans and in other
mammals: air exhaled from the lungs
provides power to drive oscillations
of the vocal folds (commonly known
as vocal ‘cords’), which are located in
the larynx or ‘voice box’. The rate of
vocal fold oscillation (which varies
from about 100 Hz in adult men to
500 Hz in small children) deter-
mines the pitch of the sound thus
produced. The acoustic energy gen-
erated then passes through the vocal
tract (the pharyngeal, oral and nasal
cavities), where it is filtered, and 
finally out to the environment
through the nostrils and lips. It is
this filtering process that plays a cru-
cial role in speech. The filtering is 
accomplished by a series of bandpass
filters, which are termed formants.
The formants modify the sound that
is emitted, allowing specific frequen-
cies to pass unhindered, but blocking
the transmission of others. Formants
are determined by the length and
shape of the vocal tract, and are
rapidly modified during speech by
moving the articulators (tongue, lips,
soft palate, etc.).

It is imperative to note that for-
mants are independent of pitch.
Pitch is determined by the vibration
rate of the vocal folds (the source),
whereas formants are determined by
the vocal tract (the filter). The inde-
pendence of source and filter is one
of the key insights of modern speech
acoustics, which is dubbed the
‘source/filter theory’ as a result (see
Fig. I). Vocal production is funda-
mentally different from most wind instruments (flutes, trum-
pets, clarinets, etc.), in which the pitch is determined by the
resonances of the air column. This difference has been a
source of pervasive confusion in both laymen and scientists.
The situation is not helped by the fact that, although everyone
knows what pitch is, we have no vernacular term for the per-
ceptual correlate of formants. They are, broadly speaking, one

component of ‘timbre’ or ‘voice quality’, but these terms are
too broad to help much, and incorporate many acoustic pa-
rameters unrelated to formants. Nonetheless, formants are
highly audible and salient. The difference between ‘beet’,
‘boot’, ‘bought’ and ‘bat’ is a difference in formants (primar-
ily the lowest two formants, F1 and F2), and is clearly audible
to both humans and other animals.

Fig. I. Source/filter theory of vocal production. The source/filter theory of vocal 
production, originally proposed for speech, appears to apply to vocal production in all mam-
mals studied so far. The theory holds that vocalizations result from a sound source (typically
produced at the larynx) combined with a vocal tract filter (which consists of a number of for-
mants) (a). The formants, or vocal tract resonances, function as bandpass filters; they act as
frequency ‘windows’ (b), allowing specific frequencies to pass through and blocking the
transmission of others. This filtering action applies regardless of the type(s) of sound
produced at the larynx.

trends in Cognitive Sciences
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Box 1. How vocal sounds are produced
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An	  open	  problem	  (1)	  

•  The	  evolu0on	  of	  the	  vocal	  
folds	  
– We	  tend	  to	  take	  
independence	  of	  vocal	  folds	  
from	  the	  	  vocal	  tract	  for	  
granted	  

– But	  this	  appears	  to	  be	  special	  
in	  humans	  

Fitch	  2000	  



An	  open	  problem	  (2)	  

•  Human	  vocal	  folds	  are	  very	  
different	  from	  those	  of	  
chimpanzees	  
– But	  we	  really	  know	  very	  likle	  
about	  this	  

– There	  is	  plenty	  of	  opportunity	  
for	  observa0on,	  modeling	  and	  
experiment	  

Kelemen	  1969	  



Conclusion	  
•  Modeling	  of	  evolu0on	  of	  anatomy	  can	  make	  a	  
useful	  contribu0on	  to	  our	  understanding	  of	  
language	  evolu0on	  
–  But	  perhaps	  not	  through	  the	  ul0mate	  reconstruc0on	  
of	  ancestral	  anatomy	  

–  Rather	  through	  explora0on	  of	  what	  the	  effects	  of	  
different	  adapta0ons	  could	  be	  

– And	  through	  reconstruc0ng	  sounds	  to	  inves0gate	  
perceptual	  effects	  

•  Virgin	  territory	  s0ll	  exists	  
–  e.g.	  vocal	  fold	  evolu0on	  



Thank	  you	  


