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Abstract: This paper compares conventional symbolic rule systems 
wit h distribute d networ k models ,  considerabl y arguin g fo r  th e 
latter .  NETZSPRECH -  a  networ k tha t  transcribe s Germa n text s 
simila r  t o NetTal k i s firs t  introduce d fo r  thi s purpos e an d 
serve s a s a n exampl e fo r  th e arguments . 

1. Introduction 
Model s i n artificia l  intelligenc e (ai )  an d cognitiv e scienc e 
rel y mostl y o n th e assumptio n tha t  cognitiv e system s (suc h a s 
th e huma n brain )  canno t  onl y b e describe d bu t  als o efficientl y 
modele d usin g symboli c description s an d rule s t o combin e them . 
However ,  man y aspect s o f  huma n perceptio n an d cognitio n ar e lef t 
ou t  b y thos e systems ,  whic h ca n b e attribute d t o a  grea t  exten d 
t o th e limitation s o f  symbol-and-rul e system s du e t o thei r 
brittleness .  Recently ,  researc h o n paralle l  distribute d 
processin g (PDP )  model s ha s show n tha t  thos e model s ca n hav e th e 
power  t o overcom e som e o f  th e sai d limitations .  Nevertheless , 
ther e stil l  exit s man y critic s an d sceptic s towar d th e PD P 
paradig m (suc h a s i n Pinker&Princ e 1987 )  wh o neglec t  th e point s 
wher e PD P model s ca n b e superior . 

The purpose of this paper is to describe Netzsprech, a new 
implementatio n o f  th e Nettal k mode l  b y Sejnowski&Rosenber g 
(1986 )  adaptin g i t  t o th e Germa n language ,  an d t o us e thi s mode l 
t o argu e fo r  PD P model s an d agains t  model s merel y base d o n 
symbol s an d rules .  Netzsprec h i s a  networ k tha t  (similarl y t o 
Nettalk )  learn s t o translat e tex t  int o a  phoneti c transcriptio n 
fro m examples ,  i.e .  i t  learn s t o pronounc e Germa n words . 
Readin g an d pronouncin g a  scrip t  i s  a  proces s tha t  appear s 
suitabl e t o sho w th e advantage s o f  a  distribute d mode l  ove r  a 
symboli c one . 

2. The Netzsprech model 
Netzsprec h i s a  basi c so-calle d associativ e networ k (AN ) 
(Rumelhart ,  McClellan d 1986 )  consistin g o f  thre e layer s o f 
units .  Man y o f  th e processe s tha t  ca n b e modele d b y a n A N 
appea r  t o b e rule-governe d i n tha t  symboli c rule s ca n describ e 
th e associatio n t o a  larg e extent .  Thus ,  AN s ca n b e viewe d a s 
distribute d 'rule '  applicatio n systems .  I  pu t  'rule '  unde r 
quote s here ,  becaus e i t  ha s t o b e understoo d i n a  muc h mor e 
relaxe d sens e tha n rule s i n conventiona l  A I  systems . 
Distribute d 'rule '  applicatio n ca n overcom e man y o f  th e 
restriction s symboli c rul e applicatio n i s boun d to .  Th e 
architectur e o f  Netzsprec h i s depicte d i n Fig.l . 

A perfect example of seemingly rule-governed behaviour with 
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nevertheless a lot of exceptions is the human ability to read 
tex t  aloud ,  tha t  is ,  t o transfor m th e writte n representatio n o f 
a tex t  t o th e phonemi c patter n tha t  i s t o b e spoken . 
T.Sejnowsk i  an d R.Rosenber g (1986 )  hav e show n i n a n impressiv e 
manner  tha t  thei r  NetTal k mode l  coul d lear n t o transcrib e 
Englis h tex t  int o phonemes ,  whic h wer e the n fe d int o a  phonemi c 
speec h synthesizer .  Withou t  doubt ,  Englis h i s th e Indoeuropea n 
languag e wit h th e mos t  discrepancie s betwee n graphemi c an d 
phonemi c patterns .  Nevertheless ,  NetTal k coul d lear n t o 
pronounc e simpl e Englis h tex t  wit h a n erro r  rat e wel l  belo w 10% . 

This paper describes a network that learns the pronounciation of 
German word s i n a  ver y simila r  fashio n t o NetTalk .  Hence ,  I 
calle d i t  'Netzsprech' .  Wit h thi s implementatio n I  wan t  t o 
demonstrat e th e advantage s o f  distribute d learnin g an d 
representatio n scheme s whic h le d m e t o believ e tha t  thos e 
scheme s wil l  b e a  necessar y complemen t  fo r  A I  program s i n th e 
future . 

3. What Netzsprech does 
The inpu t  laye r  (fig.l )  i s  divide d int o fiv e cluster s whic h 
encod e fiv e letter s o f  Germa n text .  Th e lette r  i n th e middl e i s 
th e on e t o b e transcribed ,  th e tw o o n th e lef t  an d o n th e right , 
respectively ,  serv e a s contex t  informatio n t o ai d th e 
transcript ion .  Sejnowsk i  an d Rosenber g (1986 )  use d seve n 
letter s (i.e .  a  contex t  o f  thre e letter s o n eac h s ide) ,  bu t  a s 
i t  turn s out ,  i n Germa n generall y a  two-lette r  contex t  i s 
suff icient ,  i f  on e exclude s difficul t  foreig n words . 

The representation of letters in the five input clusters is a 
loca l  one ,  tha t  is ,  on e uni t  i n eac h cluster ,  whe n activated , 
correspond s t o exactl y on e lette r  i n th e text .  A s a  resul t  o f 
th is ,  onl y on e uni t  ca n b e activ e pe r  cluste r  a t  an y give n time . 
As ther e ar e 3 1 letter s (includin g umlauts ,  th e 'scharf e s' ,  an d 
a space) ,  th e inpu t  laye r  consist s o f  5  time s 3 1 units . 

For representing (encoding) the phonemes in the output layer a 
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differen t  strateg y wa s used .  Her e on e expect s t o fin d simila r 
code s fo r  simila r  phonemes .  On e exampl e i n Germa n i s th e lette r 
'd '  tha t  ca n b e pronounce d a s a  [d ]  (i n a  Wor t  lik e 'der' )  o r  a s 
a [t ]  (a t  th e en d o f  a  wor d lik e 'und' ,  thi s i s know n a s fina l 
devoicin g i n German) .  Althoug h ther e ar e tw o differen t  phoneme s 
fo r  th e lette r  'd' ,  thes e phoneme s ar e nonetheles s ver y simila r 
t o eac h othe r  (i n fact ,  the y onl y diffe r  i n thei r  voicedness) . 
For  th e mode l  t o b e adequate ,  thes e tw o simila r  phoneme s shoul d 
be encode d i n tw o simila r  outpu t  activatio n patterns .  Thi s wa s 
don e usin g a  binar y cod e distribute d ove r  th e activation s o f  1 0 
outpu t  units . 

The hidden layer which serves to provide the possibility to 
lear n arbitrar y patter n mapping s betwee n inpu t  an d output , 
consist s o f  3 0 units . 

4. The training phase 
The trainin g se t  consiste d o f  a  lis t  o f  th e 100 0 mos t  common 
word s i n Germa n (accordin g t o Meie r  (1978) )  plu s thei r 
transcription .  Th e transcriptio n tha t  wa s availabl e i n 
machine-readabl e for m (produce d b y a  rule-base d mode l  designe d 
by Pounde r  an d Kommenda (1986) )  ha d t o b e hand-edite d t o tak e 
accoun t  o f  th e fac t  tha t  th e Netzsprec h networ k require s a 
one-to-on e mappin g betwee n lette r  an d phoneme .  Thus ,  whe n ther e 
wer e case s wher e a  whol e sequenc e o f  letter s ha s t o b e 
pronounce d a s a  singl e phoneme ,  th e phonem e wa s take n a s th e 
transcriptio n o f  th e firs t  letter .  Th e othe r  letter s wer e 
transcribe d a s 'silent '  (usin g a  pseudo-phonem e [+] ) .  Fo r 
example ,  th e sequenc e /sch /  ha s t o b e pronounce d a s [  ]  i n mos t 
cases ,  s o tha t  th e transcriptio n o f  th e wor d 'asche '  becam e 
[ a ++$ ]  (wher e [$ ]  i s  th e schwa-phoneme) .  Th e revers e cas e -
one lette r  ha s t o b e pronounce d a s a  sequenc e o f  phoneme s -  doe s 
no t  occu r  i n standar d German ,  i f  on e write s affricate s (lik e 
[ts j  fo r  th e lette r  /z/ )  a s on e phoneme . 

Training consisted of taking each word from the list (in the 
orde r  the y appear )  an d it s transcriptio n an d presentin g i t  t o 
th e network ,  lette r  b y letter ,  encodin g bot h letter s an d 
phonemes .  Afte r  eac h presentatio n ( 5 letter s plu s a  phoneme ) 
th e delt a rul e wa s applie d an d th e weight s wer e adjusted . 

5. The results 
Fig. 2 show s th e learnin g curv e o f  th e network .  Th e x-axi s show s 
th e numbe r  o f  word s use d fo r  trainin g an d th e y-axi s th e numbe r 
of  correctl y transcribe d letter s an d words .  Presentatio n o f 
300 0 t o 400 0 word s (tha t  means ,  th e lis t  o f  100 0 word s wa s 
scanne d 3  t o 4  times )  i s sufficien t  t o brin g th e networ k ver y 
clos e t o convergence ,  wit h th e erro r  rat e fo r  letter s goin g dow n 
t o les s tha n 1 0 %.  Mos t  o f  th e error s tha t  remai n a t  thi s poin t 
ar e minor ,  i.e .  onl y 1  t o 2  o f  th e 1 0 featurs e ar e produce d 
incorrectly .  Th e understandabilit y  (th e phoneme s wer e 
subsequentl y synthesized )  i s alread y extremel y high . 
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6 .  D i s c u s s i o n o f  t h e n e t w o r k b e h a v i o u r 
At  n o p o i n t  i n t h i s p a p e r  d o I  wan t  t o c la i m tha t  th e mode l  I  a m 
d e s c r i b i n g i s a  v a l i d mode l  fo r  th e comp le x p r o c e s s o f  l ea rn in g 
h o w t o t a l k (ne i the r  d i d S e j n o w s k i & R o s e n b e r g ) .  N e v e r t h e l e s s , 
t h e m o d e l  s h o w s som e v e r y impo r tan t  b e h a v i o u r  t ha t  -  i f 
c o n c e i v e d a s p a r t  o f  a  m u c h m o r e comp le x mode l  -  seem s t o 
r e p r o d u c e m a n y a s p e c t s o f  h u m a n p r o c e s s e s o f  u n d e r s t a n d i n g an d 
l e a r n i n g i n a  v e r y p l a u s i b l e m a n n e r . 

The problem Netzsprech was faced with is one that, to a large 
e x t e n t ,  i s  d e s c r i b a b l e w i t h a  symbo l i c ru l e sys tem ,  con ta in i n g 
r u l e s l i k e 

(1 )  # s { p , t }  - > [  ] (2 )  s  - > [s ] 

m e a n i n g t ha t  ' s '  i s  t o b e p r o n o u n c e d a s a n [s ]  b y de fau l t  an d a s 
a n [  ]  a t  t h e b e g i n n i n g o f  a  wo r d (marke d b y '# ' )  i n f ron t  o f  a 
'p '  o r  ' t ' .  H o w e v e r ,  a s I  a m go in g t o show ,  th e d i s t r i bu te d 
s y s t e m i n N e t z s p r e c h i s supe r i o r  t o th e ru l e mode l  i n tha t  i t 
c o r r e s p o n d s m o r e c l ose l y t o huma n p r o c e s s e s an d h a s th e 
a d v a n t a g e o f  b e i n g eas i l y l ea rnab l e an d a d a p t a b l e . 

6.1 Rules are applied simultaneously 
O ne o f  t h e w e a k p o i n t s o f  symbo l i c ru l e s y s t e m s i s tha t  the y 
a l m o s t  a l w a y s i n v o l v e sea rc h o r  o t h e r  se r ia l  p r o c e s s e s .  Fo r 
e x a m p l e ,  i f  t h e r e ex i s t  p r o n o u n c i a t i o n ru le s fo r  eve r y l e t te r  i n 
G e r m a n ,  t h e n i n a  f i r s t  s te p al l  r u l e s fo r  th e l e t te r  cu r ren t l y 
c o n s i d e r e d h a v e t o b e found .  I n a  secon d s tep ,  a l l  r u l e s amon g 
t he m h a v e t o b e c h o s e n tha t  ma tc h th e cu r ren t  con tex t  ( 'matchin g 
c y c l e ' ) .  O f  c o u r s e ,  ru l e ma tch in g cou l d b e don e i n p a r a l l e l , 
w h i c h r e d u c e s t h i s sea rc h p r o c e s s t o on e s tep .  Bu t  a f te r  t ha t , 
t h e sys te m m o s t  o f  th e t im e i s face d w i t h th e p rob le m o f 
c o n f l i c t  r e s o l u t i o n ,  th e se l ec t i o n o f  th e ru l e t o app l y amon g 
seve ra l  t ha t  a l l  m a t c h th e c o n t e x t .  Th i s ca n b e th e cas e w i t h 
t h e t w o r u l e s g i v e n above ,  i n a  con tex t  l i k e '_  #  s  p  i ' .  Th e 
t i m e i t  t a k e s t o so l v e p r o b l e m s o f  ru l e con f l i c t  i nc rease s w h e n 
we ad d m o r e r u l e s ,  w h i c h i s c o u n t e r  th e e x p e r i e n c e tha t  human s 
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us e les s tim e wit h additiona l  knowledg e rathe r  tha n more . 

To get around the problem of rule conflict, the rules could be 
writte n i n suc h a  wa y tha t  onl y on e rul e applie s pe r  context . 
I n othe r  words ,  a  rul e woul d hav e t o b e writte n fo r  virtuall y 
ever y possibl e context .  Fo r  example ,  ther e woul d hav e t o b e a 
rul e fo r  's '  i n fron t  o f  'p' ,  wher e i t  i s  pronounce d a s a n [  ] , 
bu t  als o on e fo r  's '  i n fron t  o f  ever y othe r  consonant ,  wher e i t 
i s  pronounce d a s a n [s ] .  Fo r  th e domai n bein g discusse d thi s 
migh t  no t  b e impossibl e t o do ,  bu t  problem s ar e conceivable , 
wher e th e possibl e spac e o f  context s i s s o larg e tha t  i t  become s 
ver y inefficien t  i f  no t  impossibl e t o provid e a  rul e fo r  ever y 
context . 

But even if it were possible in every case, one important 
propert y o f  th e origina l  rul e schem e i s lost :  On e ca n n o longe r 
say ,  wha t  i s th e 'default '  rul e fo r  a  give n letter ,  fo r  example , 
tha t  's '  i n th e majorit y o f  th e case s i s pronounce d a s [s ]  an d 
therefor e thi s outpu t  i s th e mos t  likel y one .  I n th e cas e wher e 
we ha d tw o (sometime s competing )  rules ,  b y virtu e o f  th e lowes t 
priorit y on e o f  th e rule s wa s th e default .  I f  littl e o r  n o 
contex t  wa s specified ,  thi s rul e applie d an d gav e th e mos t 
likel y output . 

Thus, in rule based systems, there is a trade-off: Either the 
syste m ca n easil y generaliz e an d provid e defaul t  output s fo r 
unknow n inputs ,  bu t  the n i t  show s rathe r  implausibl e processin g 
tim e relations .  O r  th e syste m ca n produc e th e outpu t  mor e 
plausibly ,  bu t  the n th e powe r  fo r  generalizatio n an d defaul t 
output s i s lost . 

A distributed system like Netzsprech, however, exhibits both 
advantage s a t  th e sam e time .  Al l  th e distribute d 'rules '  ar e 
applie d i n parallel ,  s o ther e i s neve r  anythin g lik e conflic t 
resolution ,  le t  alon e seria l  matchin g processes .  Also ,  a s th e 
siz e o f  th e networ k i s fixed ,  acquirin g ne w knowledg e canno t 
make th e proces s slower .  A t  th e sam e time ,  th e mode l  show s ful l 
power  o f  generalisatio n fo r  input s i t  ha s neve r  see n befor e wit h 
an inheren t  defaul t  mechanism .  Conside r  th e followin g exampl e 
fro m Netzsprech :  I f  a n 's '  i s  presente d t o th e traine d networ k 
withou t  an y contex t  (i.e .  al l  contex t  unit s ar e se t  t o 0 ,  not e 
tha t  thi s cas e neve r  occure d durin g learning )  th e defaul t  (o r 
most  likely )  output ,  [sj ,  i s  activated .  Wher e n o suc h defaul t 
exists ,  fo r  exampl e fo r  a n 'x '  ( a ver y rar e lette r  i n Germa n 
proper) ,  th e outpu t  i s unspecifie d (i.e .  som e arbitrar y outpu t 
whic h nevertheles s i s closes t  t o th e mos t  frequen t  phonem e 
correspondin g t o ' x ' ) .  I f  now ,  i n th e cas e o f  th e 's ' ,  a 
contex t  i s  adde d tha t  i n Germa n shoul d alte r  th e pronounciatio n 
(lik e a  '# '  i n fron t  an d a  'p '  afterwards) ,  th e outpu t  i n fac t 
change s t o (th e no w defaul t  case )  [  ] .  On e ca n se e fro m thes e 
examples ,  tha t  th e mode l  incorporate s bot h defaul t  an d mor e 
specifif c  rule s a t  th e sam e time .  Th e contex t  change s somethin g 
i n th e outpu t  onl y whe n it ,  togethe r  wit h th e centra l  letter . 
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consti tute s a  cas e fo r  a  mor e specifi c  rul e t o th e default . 

6.2 The output has continuous values 
A majo r  propert y o f  a  distribute d networ k i s tha t  i t  allow s fo r 
activatio n value s alon g a  continuou s scale ,  indicatin g ho w 
stron g a  specifie d hypothesi s is .  Returnin g t o th e abov e 
example ,  whe n 's '  i s  presente d alon e t o Netzsprech ,  th e outpu t 
i s th e default ,  a n [ s ] .  However ,  th e strengt h o f  th e outpu t  i s 
lowe r  tha n i t  i s  whe n 's '  i s  presente d i n th e mor e specifi c 
contex t  'ase' .  Th e reaso n i s tha t  i n th e forme r  case ,  withou t 
an y furthe r  specification ,  th e 's '  i s  pronounce d a s a n [s ]  onl y 
wit h a  certai n probability ,  i f  th e (unknown )  contex t  wer e '#sp' , 
the n i t  coul d als o b e a  [  ] . 

This property of the system can be useful when incorporating the 
networ k int o a  bigge r  one .  Fo r  example ,  on e coul d conceiv e o f 
anothe r  componen t  tha t  control s th e movement s o f  th e 
articulator y organs .  Thi s componen t  woul d receiv e inpu t  fro m 
severa l  components ;  mainly ,  o f  course ,  fro m Netzsprech ,  bu t 
othe r  input s tha t  influenc e th e movemen t  o f  th e articulator s 
woul d b e possible ,  too .  I f  no w th e inpu t  fro m Netzsprec h ha s a 
rathe r  lo w level ,  othe r  sub-system s coul d mor e easil y 'push '  th e 
contro l  componen t  int o anothe r  direction .  Fo r  example ,  eve n 
when Netzsprec h say s [s ]  th e actua l  pronounciatio n migh t  tur n 
ou t  t o b e [  ] ,  whe n th e outpu t  wa s a  defaul t  case .  I n th e mor e 
specif i c  case ,  wit h highe r  outpu t  activations ,  thi s scenari o i s 
les s likely .  Thus ,  continuou s outpu t  value s ar e importan t  fo r 
modelin g contextua l  an d con-situationa l  effects . 

In a symbolic rule system, it is much more difficult to obtain 
suc h behaviour .  Symboli c rule s ar e muc h mor e isolate d fro m eac h 
othe r  an d fro m th e res t  o f  th e system .  Makin g the m influenc e 
eac h othe r  i s muc h harde r  an d migh t  no t  eve n b e efficientl y 
possible .  Th e advantag e o f  th e networ k mode l  i s tha t  i t 
provide s eas y entr y point s -  th e unit s an d connection s 
themselve s -  fo r  othe r  syste m component s t o modif y th e 
behaviour . 

6.3 Rules are learned according to environment 
Althoug h th e behaviou r  o f  th e networ k afte r  learnin g appear s t o 
be rule-governe d (suc h as :  a  featur e F  i n patter n A  produce s a 
featur e G  i n patter n B ) ,  non e o f  th e 'rules '  ha s t o b e state d 
explicitel y o r  beforehand .  Th e networ k ca n 'fin d out '  th e rule s 
(o r  whateve r  w e wan t  t o cal l  them )  b y itsel f  fro m th e examples , 
whic h the n cove r  exactl y th e case s i n th e trainin g se t  an d thos e 
derive d throug h extrapolatio n o f  th e rules .  I n othe r  words :  N o 
on e ha s t o stipulat e th e r  presented .  Furthermore ,  a s Rumelhar t 
(1986 )  point s out ,  eac h 'rule '  currentl y incorporate d i n a  PD F 
model  i s applie d wit h exactl y th e strengt h tha t  correspond s t o 
it s f i tness . 
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6. 4 Network s ar e robus t 
I n a  symboli c rul e syste m i t  i s  crucia l  tha t  a t  an y poin t  i n 
tim e al l  th e neede d rule s exis t  an d ar e accesible .  Whe n on e o f 
the m i s missing ,  th e syste m migh t  fai l  completely .  I n a  networ k 
thi s ca n neve r  happen .  A s th e 'rules '  ar e represente d i n a 
highl y distribute d manne r  an d -  i n additio n -  ar e al l  learne d 
fro m th e environment ,  the y canno t  easil y ge t  lost ,  no t  eve n b y 
partia l  destructio n o f  th e system . 

7. Conclusion 
Much mor e coul d b e sai d abou t  distribute d 'rule '  system s 
(Dorffne r  1987 ,  1988) .  However ,  thi s shor t  discussio n shoul d 
alread y hav e mad e clea r  th e advantage s o f  suc h models .  Th e 
result s sugges t  tha t  t o mode l  cognitiv e processe s suc h a s 
understandin g an d producin g natura l  language s -  whic h ar e muc h 
more comple x tha n th e tas k o f  Netzsprec h bu t  largel y base d o n 
simila r  mechanism s o f  associatio n -  on e wil l  hav e t o includ e PD P 
or  relate d model s i n th e future . 
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