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SINGLE LAYER LOOK-UP PERCEPTONS 

G.D.Tat te rsa l1 ,  S . F o s t e r  and P .Linford  

U n i v e r s i t y  of E a s t  Angl ia ,  U . K  

I" 
I n  t h i s  pape r  w e  r e p o r t  a new type  o f  s i n g l e  
l a y e r  pe rcep t ron  which i n c o r p o r a t e s  n - tup le  
p a t t e r n  r e c o g n i t i o n  t echn iques  [l] i n  an SLP 
a r c h i t e c t u r e  t o  produce a s i n g l e  layer look 
up p e r c e p t r o n  (SLLUP) which can  l e a r n  t h e  
same t y p e s  o f  non- l inea r  mappings as an  
mul t i - l aye r  pe rcep t ron ,  MLP, bu t  w i th  a 
f r a c t i o n  of t h e  t r a i n i n g  and computation. An 
a d d i t i o n a l  ve ry  d e s i r a b l e  p r o p e r t y  o f  t h e  
SLLUP i s  t h a t  it produces  a q u a d r a t i c  e r r o r  
s u r f a c e  and  so convergence t o  op t ima l  
performance i s  as su red .  

I t  w i l l  be  a rgued  t h a t  t h e  SLLUP i s  b a s i c a l l y  
an i n t e r p o l a t i o n  system which i s  a b l e  t o  
g e n e r a t e  an  e s t i m a t e  of a cont inuous  mapping 
f u n c t i o n  from a s p a r s e  set  of t r a i n i n g  
examples and, as w i l l  be  demonstrated,  i s  
w e l l  s u i t e d  t o  d e a l i n g  wi th  s imple  non- l inea r  
mappings such  as p a r i t y  d e t e c t i o n .  

The a b i l i t y  of t h e  SLLUP t o  work on  t h e  ve ry  
complex mapping problems o f  speech 
r e c o g n i t i o n  and  t e x t  t o  speech s y n t h e s i s  i s  
also examined and compared wi th  t h e  
performance o b t a i n a b l e  us ing  t h e  m u l t i - l a y e r  
pe rcep t ron .  I t  w i l l  be seen  t h a t  t h e  SLLUP 
can  v e r y  n e a r l y  e q u a l  t h e  performance o f  t h e  
MLP i n  t h e s e  problems, sugges t ing  t h a t  t h e  
MLP a l s o  does  l i t t l e  more than  a 
s t r a i g h t f o r w a r d  sample i n t e r p o l a t i o n .  

A l l  n e u r a l  networks can  be  thought  o f  as 
v e c t o r  t r a n s f o r m e r s  i n  which t h e  
t r ans fo rma t ion  i s  l e a r n t .  The l e a r n i n g  i s  
normal ly  supe rv i sed  a s  d e p i c t e d  i n  F ig  1. A 
t r a i n i n g  example of an  i n p u t  v e c t o r  i s  
a p p l i e d  t o  t h e  system and  a t a r g e t  ou tpu t  
v e c t o r  i s  shown t o  t h e  system by t h e  
s u p e r v i s o r .  The d i f f e r e n c e  between t h e  a c t u a l  
ou tpu t  and t h e  t a r g e t  i s  used  t o  modify t h e  
i n t e r n a l  parameters  o f  t h e  system so t h a t  t h e  
a c t u a l  ou tpu t  becomes more l i k e  t h e  t a r g e t .  

I n  t h e  case of t h e  SLLUP, t h e  v e c t o r  
t r ans fo rmer  has  t h e  form shown i n  f i g u r e  2 .  
The i n p u t  v e c t o r  X i s  encoded as an image of 
b l ack  and whi te  p i x e l s  formed by b i t s  of t h e  
code r e p r e s e n t i n g  t h e  s c a l a r  e lements  of X .  
The image is p l a c e d  i n  a r e t i n a  o n t o  which 
random connec t ions  are made i n  groups  of n 
t o  form n - tup le s  which are used  t o  addres s  a 
l a r g e  number of RAMS. The RAMS themselves  are 
grouped i n t o  u n i t s  and t h e  o u t p u t s  o f  a l l  t h e  
RAMs i n  t h e  i t h  u n i t  a r e  added t o  form, y i ,  
t h e  va lue  of t h e  i th element of t h e  ou tpu t  
v e c t o r  Y .  The b i t s  used  t o  r e p r e s e n t  t h e  
e lements  o f  X i n  t h e  r e t i n a  can  range  from 
themometer code t o  n a t u r a l  b i n a r y  or Gray 
code depending  on t h e  d e s i r e d  SLLUP 
c h a r a c t e r i s t i c s .  

The sys tem i s  t r a i n e d  by app ly ing  a v e c t o r  X 
t o  i t s  i n p u t .  Th i s  causes  a s p e c i f i c  s e t  of 
n - tup le  addres ses  t o  be gene ra t ed ,  which 

access  cor responding  c o n t e n t s  i n  each  ot t h e  
RAMS. The summation o f  t h e  ou tpu t  o f  each  
group of RAMS produces  t h e  e lements  o f  t h e  
ou tpu t  v e c t o r  Y. This  v e c t o r  i s  compared 
wi th  t h e  d e s i r e d  ou tpu t  T and t h e  e r r o r  
v e c t o r ,  E, i s  used  t o  modify t h e  va lues  of 
t h e  c u r r e n t l y  addres sed  RAM l o c a t i o n s  so t h a t  
nex t  t i m e  t h e  same i n p u t  v e c t o r  i s  a p p l i e d ,  
t h e  ou tpu t ,  Y, i s  n e a r e r  t o  t h e  d e s i r e d  
ou tpu t  T .  

Repeated a p p l i c a t i o n  o f  d i f f e r e n t  t r a i n i n g  
v e c t o r s  a l lows  t h e  system t o  l e a r n  t h e  
r e q u i r e d  i n p u t  - ou tpu t  mapping Y= 
f (X) .Moreover ,  a p p r o p r i a t e  cho ice  of n - tup le  
o r d e r  and number o f  RAMs i n  each  neuron 
b lock ,  enab le s  t h e  system t o  e s t i m a t e  t h e  
b e s t  f u n c t i o n  f (X)  t o  f i t  a r a t h e r  s p a r s e  
t r a i n i n g  s e t .  

o f  t h e  S-. 

The adap t ion  of t h e  RAM c o n t e n t s  t o  deve lop  
t h e  r e q u i r e d  mapping f u n c t i o n  i s  done us ing  a 
g r a d i e n t  descen t  procedure .  The r e q u i r e d  
e r r o r  g r a d i e n t  i s  e a s i l y  shown t o  be g iven  by 
equa t ion  1 i n  which C i j  ( X )  i s  t h e  con ten t  of 
t h e  l o c a t i o n  i n  t h e  j t h  RAM i n  t h e  i t h  neuron 
b lock  which i s  addres sed  v i a  i t s  n - tup le  
connec t ions  by t h e  p a t t e r n  X .  y i  , t i  , and 
e i  are t h e  a c t u a l  ou tpu t  , t a r g e t  ou tpu t  and 
ou tpu t  e r r o r  r e s p e c t i v e l y .  

a E2 

ac;m 
- = 2 . ( Y i . t i )  = 2e. ............... 1 

This  g r a d i e n t  expres s ion  can be  used t o  
d e f i n e  a s imple  s t e e p e s t  descen t  t r a i n i n g  
a l g o r i t h m  i n  which t h e  c o n t e n t s  of t h e  
c u r r e n t l y  addres sed  RAM l o c a t i o n s  a r e  updated  
by s u b t r a c t i n g  a f r a c t i o n  of t h e  e r r o r  
between a c t u a l  and t a r g e t  o u t p u t s  of t h e  
neuron b l o c k .  

As w e l l  a s  t h i s  ve ry  s imple  t r a i n i n g  
procedure ,  t h e  SLLUP has  an o t h e r  impor tan t  
advantage  compared t o  o t h e r  n e u r a l  networks 
such  a s  t h e  MLP: examinat ion  o f  t h e  
expres s ion  f o r  t h e  e r r o r  s u r f a c e  shown i n  
equa t ion  3 i n d i c a t e s  t h a t  it i s  q u a d r a t i c  i n  
C i j  ( X )  which means t h a t  convergence t o  a 
s i n g l e  g l o b a l  minimum i s  gua ran teed .  

i on  h -. 
Superv ised  l e a r n i n g  machines a r e  r e q u i r e d  t o  
l e a r n i n g  a mapping f u n c t i o n  Y = f ( X )  wi thout  
exposure  t o  a l l  p o s s i b l e  inpu t  - ou tpu t  p a i r s  
of Y and X v a l u e s .  This  i s  on ly  p o s s i b l e  if 
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t h e  sys tem can  i n t e r p o l a t e  between sample 
va lues  o f  t h e  func t ion  which a r e  g iven  du r ing  
t r a i n i n g .  A s t r a i g h t f o r w a r d  approach t o  
g e n e r a t i n g  a cont inuous  i n t e r p o l a t e d  f u n c t i o n  
from a s e t  of d i s c r e t e  samples of t h e  
f u n c t i o n  i s  t o  convolve t h e  samples wi th  a 
s u i t a b l e  low pass  f i l t e r  response  or  k e r n e l  
f u n c t i o n .  Th i s  i s  approximate ly  t h e  f u n c t i o n  
performed by t h e  SLLUP [21, [31 which 
i m p l i c i t l y  g e n e r a t e s  a low p a s s  f i l t e r  k e r n e l  
f u n c t i o n  having  a form governed by t h e  o r d e r  
of t h e  n - tup le  connec t ions ,  n, t h e  number of 
d imens ions ,  D,  of  t h e  inpu t  p a t t e r n  space  and 
t h e  way i n  which t h e  i n p u t  p a t t e r n  i s  encoded 
i n  t h e  i n p u t  r e t i n a .  If a ' thermometer code'  
i s  used  f o r  each  o f  t h e  inpu t  p a t t e r n  
e lements ,  t h e  k e r n e l  func t ion  i s  de f ined  by 
equa t ion  4 i n  which s ( x )  i s  t h e  va lue  of t h e  
k e r n e l  a t  a d i s t a n c e  x from i t s  c e n t r e  and W 
i s  t h e  wid th  o f  each  i n p u t  space  dimension. 

Three impor tan t  p o i n t s  a r e  r a i s e d  by t h i s  
view o f  t h e  g e n e r a t i o n  o f  a cont inuous  
f u n c t i o n  from d i s c r e t e  examples.  

1. S u f f i c i e n t  t r a i n i n g  examples must be g iven  
such t h a t  t h e r e  i s  an average  of two samples 
p e r  c y c l e  of t h e  h i g h e s t  f requency  i n  t h e  
mapping f u n c t i 0 n . i . e  The f u n c t i o n  must be 
sampled a t  t h e  Nyquist  Rate .  This  sugges t s  
t h a t  t h e  complexi ty  of a mapping f u n c t i o n  be  
s p e c i f i e d  i n  te rms  of i t s  bandwidth, B. 

2 .  T o  o b t a i n  a p e r f e c t ,  cont inuous  f u n c t i o n  
from t h e  t r a i n i n g  examples,  t h e  i n t e r p o l a t i o n  
f i l t e r  shou ld  have a r e c t a n g u l a r  f requency  
response ,  c u t t i n g  o f f  a t  a f requency  of B. 
However, p r a c t i c a l  f i l t e rs  w i l l  never  have 
t h i s  r e sponse  and w i l l  g i v e  an e r r o r  i n  t h e  
e s t i m a t e  of t h e  cont inuous  func t ion .  

3 .  I t  i s  ve ry  u n l i k e l y  t h a t  t h e  t r a i n i n g  
examples s u p p l i e d  t o  t h e  SLLUP w i l l  be  
uni formly  d i s t r i b u t e d  a c r o s s  t h e  p a t t e r n  
space .  Th i s  means t h a t  t h e  d i s t a n c e s  between 
samples of t h e  r e q u i r e d  mapping f u n c t i o n  a r e  
non uni form.  The Nyquist  Sampling Theorem 
r e q u i r e s  a t  l e a s t  two samples p e r  c y c l e  of 
t h e  f u n c t i o n  if it is t o  be  recovered  wi thout  
loss of i n fo rma t ion .  However, a uniform 
sample i n t e r v a l  i s  no t  s p e c i f i e d  and t h e  
i r r e g u l a r i t y  of t h e  t r a i n i n g  p o i n t s  does  n o t  
n e c e s s a r i l y  mean t h a t  t h e  cont inuous  mapping 
f u n c t i o n  cannot  be  recovered .  Unfor tuna te ly ,  
a s imple  i n t e r p o l a t i o n  f i l t e r  i s  unable  t o  
r ecove r  a con t inuous  f u n c t i o n  from a set of 
i r r e g u l a r  samples because  t h e  f u n c t i o n  w i l l  
be non-uniformly s c a l e d  i n  p r o p o r t i o n  t o  t h e  
d e n s i t y  of t h e  samples.  However t h i s  i s  n o t  a 
problem, if t h e  l e a r n i n g  i s  done 
i t e r a t i v e l y ,  because  i n c o r r e c t  s c a l i n g  of t h e  
f u n c t i o n  w i l l  be  c o r r e c t e d  by t h e  n e g a t i v e  
feedback  a c t i o n  of t h e  adap t ion  a lgo r i thm.  

The f o r m  of i n t e r p o l a t i o n  k e r n e l  produced by 
t h e  SLLUP depends s t r o n g l y  on t h e  way i n  
which t h e  i n p u t  v e c t o r  X i s  encoded. 
Thermometer coding  i s  t h e  s imples t  way of 
encoding  X i n  ' image'  f o r m  which can be 
sampled by t h e  random n- tup le  connec t ions .  
This  t y p e  of i n p u t  coding  produces  t h e  smooth 
k e r n e l  d e f i n e d  i n  equa t ion  4 whose l / e  width 
and hence bandwidth i s  s imply  c o n t r o l l e d  by 
choos ing  t h e  a p p r o p r i a t e  n- tuple  o r d e r .  
Unfo r tuna te ly ,  t h i s  t echn ique  makes 
i n e f f i c i e n t  u se  of memory because  one p i x e l  
must b e  provided  f o r  eve ry  increment a long  
eve ry  dimension of x. 

An a l t e r n a t i v e  coding  i s  n a t u r a l  b i n a r y  which 
l e a d s  t o  a minimal r e t i n a  s i z e ,  and hence 
memory. However, it produces  a k e r n e l  
c o n s i s t i n g  of a c e n t r a l  impulse sur rounded by 
lower l e v e l  impulses .  and  t h e  e f f e c t i v e  
bandwidth of t h i s  k e r n e l  f u n c t i o n  i s  much 
h ighe r  t h a n  t h e  thermometer code f u n c t i o n .  
Consequently,  many more t r a i n i n g  examples a r e  
r e q u i r e d  f o r  it t o  s y n t h e s i s e  a smooth 
mapping f u n c t i o n .  Many o t h e r  coding  schemes 
can be  dev i sed  which y i e l d  k e r n e l s  which l i e  
between t h e  ex t remes  of form gene ra t ed  by t h e  
thermometer and n a t u r a l  b ina ry  codes and 
t h e s e  a r e  d i s c u s s e d  i n  [31 .  

A s e r i e s  of exper iments  have been done on a 
SLLUP t o  test it a b i l i t y  t o  s y n t h e s i z e  s imple  
mapping f u n c t i o n s  and t o  s e e  how much 
t r a i n i n g  i s  r e q u i r e d  and i l l u s t r a t e  t h e  
o p e r a t i o n  o f  t h e  SLLUP. 

J u s t  one c l a s s i c a l  example i s  p resen ted  h e r e :  
a fuzzy  e x c l u s i v e  OR as shown i n  f i g u r e  3 .  
The SLLUP i s  r e q u i r e d  t o  map any p a t t e r n s  
l y i n g  wi th in  t h e  two r e c t a n g l e s ,  marked C 1  i n  
t h e  i n p u t  space ,  t o  t h e  s i n g l e  p o i n t  marked 
C 1  i s  i n  t h e  ou tpu t  space .  S i m i l a r l y  any 
p a t t e r n  i n  t h e  C 2  r eg ion  of t h e  i n p u t  space  
should  map through t o  t h e  p o i n t  C2 i n  t h e  
ou tpu t  space .  

T o  t es t  t h e  accuracv  of t h e  maDDina l e a r n t  bv 
t h e  SLLUP, an e r r o r  f u n c t i o n  has  been d e f i n e d  
where e ( x l ,  x2) i s  t h e  Eucl idean  d i s t a n c e  
between t h e  t a r g e t  ou tpu t  and a c t u a l  o u t p u t  
when an  i n p u t  p a t t e r n  [x l  x21 i s  a p p l i e d  t o  
t h e  machine.  

As an example, F i g  4 shows t h e  e r r o r  f u n c t i o n  
f o r  C 1  a f t e r  t h e  SLLUP has  been t r a i n e d  on 
one p o i n t  i n  t h e  c e n t r e  of each  r eg ion .  The 
r e s u l t a n t  mapping c l o s e l y  approximates  t h e  
s p e c i f i e d  f u n c t i o n  even though t h e  sys tem has  
on ly  been  t r a i n e d  on a ve ry  s m a l l  subse t  of 
p o s s i b l e  i n p u t  p a t t e r n s .  

F i g .  5 shows t h e  t i m e  v a r i a t i o n  of t h e  RMS 
e r r o r  between t h e  ou tpu t  of a SLLUP and t h e  
t a r g e t  va lues  g iven  du r ing  t r a i n i n g  on t h e  
fuzzy  EXOR problem desc r ibed  e a r l i e r  i n  t h e  
pape r .  In  t h i s  exper iment  on ly  f o u r  d i s t i n c t  
i npu t  p a t t e r n s  have been used  f o r  t r a i n i n g  i n  
each  of t h e  c l a s s  r eg ions  shown i n  F i g  3 .  The 
SLLUP converges  t o  low e r r o r  va lue  a t  t h e  
t r a i n i n g  p o i n t s  a f t e r  on ly  50 i t e r a t i o n s  
a l though  t h e  va lue  of e r r o r  w i th  i n p u t s  o t h e r  
t h a n  t h o s e  used  du r ing  t r a i n i n g  i s  of cour se  
much h i g h e r .  

For comparison, t h e  l e a r n i n g  cu rves  of a 
2- layer  4 hidden  u n i t  MLP a r e  a l s o  shown i n  
F ig  5 ,  a l though  direct comparison o f  t h e  MLP 
and SLLUP l e a r n i n g  t imes  i s  r a t h e r  d i f f i c u l t  
because  it depends on t h e  number of h idden  
u n i t s  used  i n  t h e  MLP. The minimum number of 
h idden  u n i t s  depends i n  t u r n  on t h e  
complexi ty  o f  t h e  mapping f u n c t i o n  t o  be  
gene ra t ed  whereas t h e  SLLUP complexi ty  does  
no t  depend d i r e c t l y  on t h e  func t ion  
complexi ty .  Four h idden  u n i t s  w a s  chosen i n  
t h i s  c a s e  because  it i s  more t h a n  s u f f i c i e n t  
t o  d e a l  w i th  t h e  fuzzy  EXOR problem. 

SPEECH RECOGNITION AND SYNT- 
-. 
I t  has  been shown i n  p rev ious  s e c t i o n s  t h a t  
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t h e  SLLUP i s  able t o  per form s imple  non 
l i n e a r  mappings such  as t h e  fuzzy  EXOR 
problem. T h i s  i s  achieved  u s i n g  on ly  sma l l  
amounts of t r a i n i n g  and wi th  l i t t l e  
computation compared t o  t h e  MLP. we now 
examine t h e  SLLUP performance on two speech  
mapping problems o f  ve ry  g r e a t  complexi ty  
which MLPs and  some o t h e r  n e u r a l  n e t s  have 
a l r e a d y  been t e s t e d .  

The f i r s t  mapping problem i s  speaker  
independent  r e c o g n i t i o n  o f  u t t e r a n c e s  of t h e  
l e t t e r s  of t h e  a l p h a b e t .  A de f ined  c e p s t r a l  
c o e f f i c i e n t  r e p r e s e n t a t i o n  of many u t t e r a n c e s  
of t h e  l e t t e r s  of t h e  a lphabe t  from one l a r g e  
s e t  of t a l k e r s  must be  c l a s s i f i e d  by t h e  

SLLUP a f t e r  it has  been t r a i n e d  on examples 
from a s e p a r a t e  set of t a l k e r s .  The da tabase  
used  i n  t h i s  experiment w a s  compl i led  by 
B r i t i s h  Telecom Research  Labs and i s  Known as 
t h e  CONNEX S l  d a t a  [51. The SLLUP i s  t r a i n e d  
on approximate ly  4000 u t t e r a n c e s  from a 
ba lanced  mix of 52 t a l k e r s  and then  t e s t e d  on 
approximate ly  4000 u t t e r a n c e s  from ano the r  52 
t a l k e r s .  The u t t e r a n c e  l e n g t h  i s  normal i sed  
by l i n e a r  t i m e  warping and i s  p resen ted  t o  
t h e  SLLUP as a s e t  of 15  f rames  of 8 Me1 
C e p s t r a l  c o e f f i c i e n t s .  

The second complex problem t o  which t h e  SLLUP 
has  been a p p l i e d  i s  t e x t  t o  speech  s y n t h e s i s .  
In  t h i s  ca se  o r thograph ic  t e x t  has  t o  be  
mapped t o  a sequence of phoneme codes  which 
are t h e n  used  t o  d r i v e  a hardware 
s y n t h e s i s e r .  The exper iment  u ses  t h e  same 
da tabase  as NETSPEAK [ 4 1  and i s  i d e n t i c a l  i n  
a l l  r e s p e c t s  except  t h a t  t h e  MLP i s  r ep laced  
by a SLLUP. The SLLUP i s  p resen ted  wi th  a 
c h a r a c t e r  t aken  from Eng l i sh  o r thograph ic  
t e x t  and  has  t o  produce  an a p p r o p r i a t e  
phoneme code as o u t p u t .  C l e a r l y  t h e  
p ronounc ia t ion  of a p a r t i c u l a r  c h a r a c t e r  
o f t e n  depends on t h e  word i n  which it i s  
embedded and so 3 c h a r a c t e r s  on e i t h e r  s i d e  
of t h e  t a r g e t  c h a r a c t e r  a r e  s imul t aneous ly  
p r e s e n t e d  t o  t h e  SLLUP. Thus, t h e  complete 
inpu t  p a t t e r n  c o n s i s t s  o f  a con tex t  window of 
1 c h a r a c t e r s ,  each  encoded us ing  11 b i t s .  The 
ou tpu t  phoneme i s  rep resen ted  us ing  a 1 9  b i t  
code t o  r e p r e s e n t  each  of 55 phonemes. 

It  i s  i n t e r e s t i n g  t o  cons ide r  t h e  t y p e s  of 
mapping which t h e  SLLUP has  t o  deve lop  t o  
d e a l  w i th  each  of t h e s e  two problems. I n  t h e  
speech  r e c o g n i t i o n  case ,  i npu t  p a t t e r n s  
be long ing  t o  t h e  same u t t e r a n c e  c l a s s  a r e  
l i k e l y  t o  c l u s t e r  t o g e t h e r  i n  t h e i r  N-space 
and t h e  SLLUP has  t o  map t h e  r eg ion  of 
N-space enc los ing  t h e  c l u s t e r  t o  a s i n g l e  
s p e c i f i e d  p o i n t  i n  t h e  ou tpu t  space .  There 
may be s e v e r a l  c l u s t e r s  be longing  t o  one 
class bu t  o v e r a l l  t h e  mapping between i n p u t  
and ou tpu t  i s  smooth wi thout  ab rup t  
t r a n s i t i o n s .  This  p r o p o s i t i o n  i s  suppor ted  by 
t h e  f a c t  t h a t  modera te ly  good speech 
r e c o g n i t i o n  systems can be made us ing  n e a r e s t  
ne ighbour  c l a s s i f i c a t i o n  of t h e  i n p u t  
p a t t e r n .  The t a s k  of t h e  SLLUP i n  t h i s  c a s e  
i s  t o  i n t e r p o l a t e  so t h a t  p r e v i o u s l y  unseen 
i n p u t  p a t t e r n s  which l i e  between t r a i n i n g  
examples of t h e  same c l a s s  a r e  mapped t o  t h e  
same ou tpu t  code .  

The t e x t  t o  speech  mapping i s  ve ry  d i f f e r e n t .  
The d i s t a n c e s  between t h e  codes r e p r e s e n t i n g  
d i f f e r e n t  c h a r a c t e r s  does  not  have a s imple  
r e l a t i o n s h i p  t o  t h e  d i s t a n c e s  between t h e  
codes  f o r  t h e  cor responding  ou tpu t  phoneme 
codes .  I n  o t h e r  words, t h e  p a t t e r n s  a r e  
r e a l l y  symbolic and j u s t  happen t o  b e  
r e p r e s e n t e d  i n  a Eucl idean  space  f o r  

on 

p rocess ing  by t h e  n e u r a l  n e t .  Thus, t h e  t a s k  
of t h e  SLLUP i s  t o  d e t e c t  any l o g i c a l  
s t r u c t u r e  i n  t h e  d a t a  and f a i l i n g  t h i s ,  t o  
a c t  as a look  up t a b l e .  
ExDer imer lb l  R e s u l t s  on The SDeeCh 
R e c o a n a o n  Problem. 

. .  
Tables  1 t o  3 summarise t h e  performance of 
t h e  SLLUP as a speech  r ecogn i se r .  A l l  t h e  
r e s u l t s  were o b t a i n e d  a f t e r  on ly  8000 
t r a i n i n g  i t e r a t i o n s .  i . e  Exposing t h e  SLLUP 
t o  t h e  t r a i n i n g  set t w i c e .  Table 1 shows t h a t  
a SLLUP us ing  n a t u r a l  b i n a r y  coding  i n  t h e  
r e t i n a  i s  a b l e  t o  l e a r n  t h e  t r a i n i n g  set ve ry  
we l l ,  b u t  per forms poor ly  on t h e  test set. 
Moreover, t h e  performance t e n d s  t o  improve as 
t h e  o r d e r  o f  n - tup le  decreases. Taken 
t o g e t h e r ,  t h e s e  t w o  f a c t o r s  sugges t  t h a t  t h e  
SLLUP i s  unable  t o  i n t e r p o l a t e  s u f f i c i e n t l y  
betwen t h e  t r a i n i n g  examples because  t h e  
e f f e c t i v e  wid th  of t h e  i n t e r p o l a t i o n  k e r n e l  
i s  t o o  s m a l l .  Reduct ion  of t h e  n - tup le  o rde r  
causes  t h e  k e r n e l  t o  become wider ,  w i th  a 
consequent  improvement i n  performance on t h e  
tes t  set. I n c r e a s i n g  t h e  o r d e r  makes t h e  
system behave more l i k e  a look  up table,  
g i v i n g  better r e c o g n i t i o n  of t h e  t r a i n i n g  set 
b u t  an i n a b i l i t y  t o  g e n e r a l i s e .  

8 B i t  Natural Binary Coding 

95% 52% 

The k e r n e l  w id th  produced us ing  n a t u r a l  
b ina ry  code i s  ve ry  narrow and so  a p o s s i b l e  
s o l u t i o n  t o  t h e  poor  test set performance is 
t o  use  a d i f f e r e n t  code i n  t h e  r e t i n a  as 
demonst ra ted  by t h e  r e s u l t s  of Table 2 .  These 
r e s u l t s  w e r e  ob ta ined  by q u a n t i s i n g  each  of 
t h e  c e p s t r a l  c o e f f i c i e n t s  t o  8 l e v e l s  and  
r e p r e s e n t i n g  them by thermometer code. AS 
expec ted  t h e  performance improves on t h e  test 
set and g e t s  worse on t h e  t r a i n i n g  set. This  
conf i rms  our  hypo thes i s  t h a t  t h e  n a t u r a l  
b ina ry  code leads t o  an ove r  s p e c i f i c  system. 
The r e s u l t s  i n  Table  2 show an improvement i n  
performance a s  t h e  n - tup le  o rde r  i n c r e a s e s ,  
i n d i c a t i n g  t h a t  i n  t h i s  sys t em, the  k e r n e l  i s  
a c t u a l l y  t o o  wide so  t h a t  w i th  low v a l u e s  of 
n, ove r  g e n e r a l i s a t i o n  i s  t a k i n g  p l a c e .  Th i s  
is suppor t ed  by t h e  f a c t  t h a t  t h e  sys tem has  
been unab le  t o  a c c u r a t e l y  r ecogn i se  t h e  
t r a i n i n g  set. 

&Level Barchart Coding 

I N-tuple Order I Training Set I Test Set I 

Tab le  2 .  SDeeCh Recoqnl t lon  u s i n s  8 Leve l  - , .  

An a d d i t i o n a l  f a c t o r  which p o s s i b l y  reduces  
t h e  sys tem accuracy  i s  t h e  ve ry  c o a r s e  
q u a n t i s a t i o n  and t h i s  i s  born  ou t  by t h e  
improved r e s u l t s  i n  Table  3 f o r  a system 
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Tuple Order 

2 
3 
4 

6 

us ing  thermometer code wi th  1 6  l e v e l s  p e r  
c o e f f i c i e n t .  The r e c o g n i t i o n  accuracy  
ob ta ined  us ing  t h i s  system wi th  n=6 is 
comparable w i t h  r e s u l t s  ob ta ined  us ing  a 2 
l a y e r ,  25 h idden  u n i t  MLP on t h e  same d a t a  
which produced a test set accuracy  o f  81% 

Training set Test set 

16% 71% 
81% 75% 
83% 77% 

85% 78% 

Tuple Order 

4 

8 

10 

10 * *  

s On T u t  t o  

In  t h e s e  exper iments  each  of t h e  seven 
c h a r a c t e r s  i n  t h e  inpu t  window are 
rep resen ted  by 11 b i t  codes  c o n t a i n i n g  
approximate ly  e q u a l  numbers o f  '1's and ' 0 ' s .  
This  i s  impor tan t  when us ing  a SLLUP because  
an imbalance i n  t h e  number o f ' l ' s  and  ' 0 ' s  
w i l l  c ause  most n - tup le  va lues  t o  always 
c o n s i s t  of n '1's or  n ' 0 ' s  r e s p e c t i v e l y  and 
t h i s  r ende r s  t h e  n - tup le  va lues  i n s e n s i t i v e  
t o  changes i n  t h e  inpu t  v e c t o r  x. 

The r e s u l t s  ob ta ined  us ing  a SLLUP i n  t h e  
t e x t  t o  speech  a p p l i c a t i o n  a r e  p re sen ted  i n  
Tables  4 and 5. Table  4 shows t h e  performance 
of t h e  SLLUP when t h e  11 b i t  codes a r e  
p l aced  a t  approximate ly  e q u i d i s t a n t  p o s i t i o n s  
i n  11-space.  This  coding  i s  t h e r e f o r e  
comple te ly  u n s t r u c t u r e d .  A s  expec ted ,  t h e  
per tormance  1 s  very  poor Decause me inpu t  
p a t t e r n s  a r e  r e a l l y  symbolic and  t h e  
i n t e r p o l a t i o n  between a r b i t r a r y  codes  
e f f e c t e d  by t h e  SLLUP i s  i n a p p r o p r i a t e .  Using 
a h igh  n - tup le  o r d e r  of 8 g i v e s  improved 
performance on t h e  t r a i n i n g  s e t  because  t h e  
SLLUP s t a r t s  t o  o p e r a t e  as a look  up table.  
However, t h e  test s e t  performance remains 
poor .  

Training Set Test se t  

52.2% 52.2% 

12.7% 11.3% 

78.4% 75.0% 

83.9% 79.9% 

Coding 
Codes for each character are approximately 
equidistant ate each 11 bi t s  long 
consisting of 5 ' 1 ' s  and 6 '0's. 

34.5% 33.4% 
60.8% 55.2% 

Testing: 1 block of 10 ,000  characters 

Table  4.- - 
Table  5 shows t h e  performance o f  t h e  SLLUP 
working on a modi f ied  s e t  of i npu t  codes  
which a r e  chosen so t h a t  t h e i r  mutual 
d i s t a n c e s  approximate ly  r e f l e c t  t h e  
p e r c e p t u a l  d i s t a n c e s  between t h e  phonemes 

which map most f r e q u e n t l y  t o  each  l e t t e r .  
Using t h e s e  s t r u c t u r e d  codes,  d i s t a n c e s  i n  
t h e  11-space have some meaning and so 
i n t e r p o l a t i o n  becomes a m o r e  a p p r o p r i a t e  
means of g e n e r a t i n g  an ou tpu t  on unseen i n p u t  
d a t a .  P r e d i c t a b l y  t h e  r e s u l t s  i n  Table  5 are 
much b e t t e r ,  w i th  h igh  a c c u r a c i e s  ob ta ined  
both  on t r a i n i n g  and  t e s t  d a t a  i f  
s u f f i c i e n t l y  l a r g e  n - tup le s  a r e  used .  A 
f u r t h u r  improvement can be  ob ta ined  i f  t h e  
f requency  of commonly occur ing  words i s  
r e l e c t e d  i n  t h e  con ten t  o f  t h e  t r a i n i n g  and 
test s e t s .  Th i s  i s  because  t h e  ve ry  common 
words i n  Eng l i sh  o f t e n  have i r r e g u l a r  
p ronunc ia t ion  r u l e s  which a r e  hard  f o r  t h e  
SLLUP t o  l e a r n  u n l e s s  s een  ve ry  f r e q u e n t l y .  
McCulloch r e p o r t s  [ 4 1  t h a t  a 2- layer ,  7 7  
hidden u n i t  MLP can  g i v e  an 86% l e t t e r  t o  
phoneme mapping accuracy  which i s  s l i g h t l y  
b e t t e r  t han  t h e  SLLUP r e s u l t .  However, t h e  
SLLUP converges  r e l a t i v e l y  q u i c k l y  and  shows 
a t r e n d  of improving performance a s  n - tup le  
o r d e r  i n c r e a s e s .  

Coding 
Each code i s  11 b i t s  consisting of 5 

' 1 ' s  and 6 '0's. Distance between each 
code r e f l e c t s  the  l e t t e r  group. 

Q2K"m 

I t  has  been argued  t h a t  t h e  purpose  of any 
supe rv i sed  l e a r n i n g  network i s  t o  s y n t h e s i s e  
a cont inuous  non- l inea r  mapping func t ion  from 
a s p a r s e  s e t  of t r a i n i n g  examples of t h e  
f u n c t i o n .  The cont inuous  func t ion  can be 
gene ra t ed  by i n t e r p o l a t i o n  between t h e  
d i s c r e t e  examples of t h e  f u n c t i o n .  An 
impor tan t  i m p l i c a t i o n  o f  t h i s  argument i s  
t h a t  t h e  number of t r a i n i n g  examples must be  
s u f f i c i e n t  such  t h a t  t h e  f u n c t i o n  i s  sampled 
a t  least  a t  t h e  Nyquist  r a t e .  

SLLUPs s y n t h e s i s e  t h e  r e q u i r e d  mapping 
f u n c t i o n  by e f f e c t i v e l y  convolv ing  t h e  
d i s c r e t e  t r a i n i n g  f u n c t i o n  samples wi th  a 
k e r n e l  f u n c t i o n  which i s  ana logous  t o  t h e  
impulse  response  of a low pass  i n t e r p o l a t i o n  
f i l t e r .  

The SLLUP u s e s  comparable amounts of memory 
t o  t h e  MLP f o r  a l l  b u t  t h e  most t r i v i a l  
f u n c t i o n s  and  i n  g e n e r a l  w i l l  l e a r n  t h e  
r e q u i r e d  mapping f u n c t i o n  much f a s t e r  t h a n  an  
MLP because  it i s  a s i n g l e  l a y e r  machine i n  
which e r r o r  g r a d i e n t s  u sed  f o r  i t s  adap t ion  
can  be  c a l c u l a t e d  d i r e c t l y  from t h e  ou tpu t  
error. Moreover, because  it is a s i n g l e  l a y e r  
machine, t h e  e r r o r  s u r f a c e  for t h e  SLLUP i s  
and t h e r e f o r e  always converges t o  a minimum 
e r r o r .  

I t  has  been shown t h a t  t h e  SLLUP i s  a b l e  t o  
oDera te  as a sDeaker independent r e c o o n i s e r  
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with almost as high accuracy as an MLP which 
suggests both that speech recognition can be 
effectively 
Performed by interpolation and, perhaps more 
important, that the MLP also appears to be 
doing little more than interpolation. This is 
supported by the use of a SLLUP for text to 
speech synthesis which again gave a 
performance only slightly inferior to an MLP. 
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