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In the Muir  Woods near San F r a n c i s c o ,  t he re  is  a cut  

th rough a redwood t r ee  more than 9oo years  o l d .  Such 

a cut  is  an e x c e l l e n t  example f o r  the r e l a t i o n s h i p  

between fo rmal  and i n f o r m a l  s t r u c t u r e s .  C e r t a i n l y  

the growth o f  a t r e e  is a very  n a t u r a l  p rocess ,  and 

s t i l l  the r e s u l t  comes very c lose  to the fo rmal  no- 

t i o n  o f  a c i r c l e .  In t h i s  p a r t i c u l a r  case the se- 

quence o f  growing c i r c l e s  is  r e l a t e d  to the c i r c u l a r  

movement o f  our p l a n e t  around the sun - two s p h e r i -  

cal o b j e c t s ,  by the way, whose appearance suggests 

aga in  the fo rmal  shape o f  a c i r c l e .  

Very g e n e r a l l y ,  fo rmal  exp ress i on  can f r e q u e n t l y  be 

ach ieved by on ly  l i t t l e  c o r r e c t i o n  or m a n i p u l a t i o n  

o f  the i n f o r m a l  p a t t e r n .  The common ground is  g iven 

by c l a r i t y  and economy, by s i m p l ~ c i t y  and minimum 

e f f o r t :  the i n f o r m a l  c i r G l e  u s u a l l y  is  the consequence 

o f  a ba lanced process ,  and the formal  c i r c l e  is the 

s h o r t e s t ,  the c l e a r e s t ,  and the s i m p l e s t  way to des- 

c r i b e  any c l o s e d ,  somehow round shape - every  o t h e r  

d e s c r i p t i o n  r e q u i r e s  a d d i t i o n a l  i n f o r m a t i o n .  
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The c lose  c o n n e c t i o n  o f  i n f o r m a l  and formal  d e s c r i p t i o n  

is  not  o n l y  t r u e  f o r  shapes,  i t  i s  e q u a l l y  t r u e  f o r  

many o the r  s t r u c t u r e s .  And i t  is  p a r t i c u l a r l y  t rue  f o r  

language in genera l  - our means o f  communicat ion and 

our p o s s i b i l i t y  to express our t h i n k i n g .  In the most 

n a t u r a l  forms o f  language t h e r e  is  a remarkab le  co- 

e x i s t e n c e  o f  i n f o r m a l  and fo rma l  aspec ts .  

The l e t t e r s ,  f o r  i n s t a n c e ,  are suggested by the sounds 

which the body can produce in a very n a t u r a l  way. A 

n a t u r a l  word has not  been c rea ted  by a c o n s t r u c t i o n  

or any o t h e r  a r t i f i c i a l  p rocedu re ,  i t s  h i s t o r y  is  a l l  

i n f o r m a l ,  and s t i l l  i t  i s  composed of  sounds or l e t t e r s  

in a h i g h l y  d i g i t a l  p r i n c i p l e .  M i s s p e l l i n g  evokes syn- 

t a c t i c a l  c o r r e c t i o n ,  even i f  the r e c e i v i n g  i n d i v i d u a l  

has had very  l i t t l e  t r a i n i n g  or e d u c a t i o n ;  a c h i l d  can 

speak c o r r e c t  words which he does not unders tand .  

Some s o r t  o f  f o r m a l i t y ,  some amount o f  f o r m a l i t y ,  t h e r e -  

f o r e ,  appears to be n a t u r a l  and r e a s o n a b l e ,  the q u e s t i o n  

is  the p rope r  ba lance  between i n f o r m a l  and f o r m a l :  

how f a r  to push f o r m a l i t y .  And t h i s  q u e s t i o n  can be 

asked i n t o  two d i r e c t i o n s .  Namely, how f a r  shou ld  one 

go w i t h  fo rma l  d e r i v a t i o n s ,  i . e .  fo rmal  c o n c l u s i o n s  

from e x i s t i n g  fo rma l  s t r u c t u r e s  - and, second l y ,  how 

f a r  shou ld  one go w i t h  fo rmal  methods i n t o  the bas is  

o f  what we are do ing .  O b v i o u s l y ,  the b e t t e r  the bas is  

is  f o r m a l l y  d e f i n e d ,  the s a f e r  we are l a t e r  in  the 

fo rmal  d e r i v a t i o n s .  The i d e a l  case is  t o t a l  a x i o m a t i -  

z a t i o n ~  the r e d u c t i o n  o f  the s t r u c t u r e  to a tomic  e l e -  

ments and t h e i r  l o g i c a l  i n t e r c o n n e c t i o n .  But the work 

s t a r t s  a lways in  the m i d d l e :  we are  born i n t o  an en- 

v i r onmen t  which is  very much l i k e  the redwood cu t :  

t he re  are suggested and even s e l f - s u g g e s t i n g  fo rmal  

n o t i o n s ,  but at  the b e g i n n i n g  o f  any i n v e s t i g a t i o n ,  

such n o t i o n s  are not p r e c i s e  enough. T h e i r  f u r t h e r  

deve lopment  f r e q u e n t l y  leads to a k ind o f  s e p a r a t i o n  - 

even o f  two h o s t i l e  u n i v e r s e s ,  the i n f o r m a l  and the 

fo rmal  u n i v e r s e .  In o rde r  to avo id  f r i c t i o n s ,  t e n s i o n s  

and f i g h t s ,  i t  is necessary  to unders tand the v i r t u e s  

and the l i m i t a t i o n s  o f  f o r m a l i z a t i o n  and how i t s  em- 

bedding in the r e a l ,  e s s e n t i a l l y  i n f o r m a l  wor ld  can 
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be done w i t h o u t  harm. Such an u n d e r s t a n d i n g  is  b e t t e r  

d e r i v e d  from a s tudy o f  h i s t o r y  than from a look  a t  

the p resen t  s i t u a t i o n .  So I w i l l  desc r i be  h i s t o r y  f i r s t ,  

then have a look  at  the p resen t  s i t u a t i o n  in genera l  

terms - many o f  you know more about  f o r m a l i z a t i o n  t ech -  

no logy  than I do - and f i n a l l y  I w i l l  t r y  to draw a 

number o f  conc lus i ons  f o r  the f u t u r e  deve lopment .  

The H i s t o r y  o f  F o r m a l i z a t i o n  

Formal t h i n k i n g  is  as o ld  as t e c h n o l o g y ,  and t e c h n o l o g y  

is as o ld  as the human mind. The a n c i e n t  e x p r e s s i o n  

t o o l s ,  however,  were crude and d id  not lead f a r .  The 

formal  methods o f  the Chaldeans or o f  the a n c i e n t  

Greeks, c o n s e q u e n t l y ,  cou ld  h a r d l y  be made use fu l  f o r  

the d a i l y  l i f e  o f  the average c i t i z e n .  And a n c i e n t  

sc ience  not  on l y  remained o f  p h i l o s o p h i c a l  c h a r a c t e r ,  

i t  a lways remained r a t h e r  an a r t  than a fo rmal  b u i l d i n g .  

Anyway, the bas ic  p r i n c i p l e s  o f  our p resen t  formal  

sc ience  were l a i d  down as e a r l y  as t h a t .  

Two i m p o r t a n t  ideas were those o f  atomism and a x i o m a t i -  

z a t i o n .  Both deserve a c l o s e r  l o o k ,  because a f t e r  more 

than 2ooo years  o f  s c i e n t i f i c  deve lopmen t ,  they s t i l l  

seem to be the best  our mind can o f f e r  f o r  an under-  

s t and ing  and a c o n t r o l  o f  n a t u r e ,  and they are bas ic  

f o r  i n f o r m a t i o n  p r o c e s s i n g .  Whi le the idea o f  d e r i v i n g  

a whole f i e l d  - l i k e  geometry - from a few bas ic  sen- 

tences by l o g i c a l  r u l e s ,  and the idea t h a t  what ever  

we see is  composed o f  a smal l  number o f  i n d i v i s i b l e  

p a r t i c l e s  combined and i n t e r a c t i n g  on the bas is  o f  ab- 

s o l u t e l y  l o g i c a l  laws,  are e x t r e m e l y  fo rmal  in  essence,  

they were expressed by the Greek p h i l o s o p h e r s  in n a t u r a l  

language,  j u s t  deno t i ng  v a r i a b l e s  w i t h  symbols and 

w r i t i n g  numbers f o r m a l l y  (but  not y e t  d e c i m a l l y ) .  

I t  was not u n t i l  82o a.D. t h a t  mathemat ic~ began to be 

f o r m a l i z e d .  The man who d id  t h i s  i m p o r t a n t  step was an 

Arab l i v i n g  in the c i t y  o f  Khiva (now U z b e k i s t a n ) ,  then 

c a l l e d  Khorezm (which due to the d i f f i c u l t i e s  in w r i t i n g  

vowels in Arab ic  was s p e l l e d  as Khwarizm and in t h i s  
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form the c i t y  occurs  as l a s t  p a r t  o f  the name ) :  Abu 

Dshafar  Muhammed ~bn Musa a l - K h w a r i z m i .  He had to des- 

c r i b e  the l e g a l  problems o c c u r r i n g ,  when an Arab w i t h  

up to f o u r  w ives  of  d i f f e r e n t  l e g a l  s t a n d i n g  d ied  and 

l e f t  a b ig  i n h e r i t a n c e  f o r  them and many c h i l d r e n .  The 

p a r t i t i o n  was a huge mathemat i ca l  p rob lem,  and i t  was 

f o r  such problems t h a t  Muhammed i n v e n t e d  a l g e b r a ,  i n  a 

book w i t h  the t i t l e  "Kit~b al-jabr w'almuq~balah". The 

term algebra comes from t h i s  t i t l e  and the term algorithm 
comes from the a u t h o r ' s  ( i . e .  from the c i t y ' s )  name. 

The book was t r a n s l a t e d  i n t o  L a t i n  i n  Europe around 

12oo, bu t  i t  was not  u n t i l  the 16th c e n t u r y  t h a t  a l geb ra  

was r e a l l y  accepted  as a fo rmal  method. In t h a t  c e n t u r y ,  

t he re  was the s t r u g g l e  between the A b a c i s t s  and the 

A l g o r i t h m i s t s ,  between the c o n c r e t e  c a l c u l a t i o n  by means 

of  calouli, l i t t l e  s tones or c o i n s ,  and the a b s t r a c t  

c a l c u l a t i o n  on paper and by more and more fo rmal  r u l e s .  

The a l g o r i t h m i s t s  won, because sudden ly  paper cou ld  be 

produced at  a much l ower  p r i c e  - wh ich  shows once more 

how much we depend on t e c h n o l o g y ,  even in  such mental  

a s p e c t s .  

Ano the r  i m p o r t a n t  s tep o f  a b s t r a c t i o n  happened in  the 

c o n s t r u c t i o n  of  b u i l d i n g s :  the deve lopment  o f  a r c h i -  

t e c t u r e .  There a l so  was a s t r u g g l e  between two s c h o o l s ,  

between the I t a l i a n  and the B r i t i s h  s t y l e  o f  a r c h i t e c t u r e ,  

a s u b j e c t  wh ich  I i n t e n d  to s tudy  in  more d e t a i l .  I 

w i l l  come back to the n o t i o n  o f  a r c h i t e c t u r e .  Here,  I 

w i l l  r e s t r i c t  m y s e l f  to s imp le  examples o f  a r c h i t e c -  

t u r a l  p r i n c i p l e s .  One is  the d i f f e r e n c e  between E n g l i s h  

and French garden a r c h i t e c t u r e :  between the the i n f o r m a l  

p h i l o s o p h y  of  the E n g l i s h  garden and the formal  a r t  o f  

the French park .  The o t h e r  i s  the d i f f e r e n c e  between 

the Red Square in  Moscow and the Place des Vosges in  

P a r i s :  between the u n s y s t e m a t i c  c o m b i n a t i o n  of  d i f f e r e n t  

b u i l d i n g s  to a p i c t u r e s q u e  ensemble and the  s y s t e m a t i c  

des ign  o f  a whole c i t y  square by one a r c h i t e c t .  I f  you 

add to these two p i c t u r e s  two o t h e r  ones,  say an a r b i -  

t r a r i l y  s e l e c t e d  se t  o f  b locks  in  Manhat tan and a d i s t r i c t  

l i k e  Teess ide  in  England (an i r r e g u l a r l y  f i l l e d  u n i t  o f  

a r e g u l a r l y  p lanned c i t y  and a p a r t  o f  the c o u n t r y  wh ich  

was des t r oyed  by unp lanned ,  u n s y s t e m a t i c  and u n n a t u r a l  
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e r e c t i o n  o f  poor p e o p l e ' s  houses) ,  you get an idea o f  

how o rde red  and how w i l d  t e c h n o l o g y  may go. And i t  is  

not  d i f f e r e n t  in  our own f i e l d .  

A t h i r d  f i e l d  o f  a b s t r a c t i o n  is  mechanica l  c o n s t r u c t i o n ,  

where des ign is  based on b l u e - p r i n t s .  We may not r e a l i z e ,  

but  a b l u e - p r i n t  is  a fo rmal  d e f i n i t i o n  o f  the o b j e c t  

to be produced,  composed o f  i d e a l  s t r a i g h t  l i n e s ,  c i r c l e s  

and o t h e r  e l emen ts ;  somewhere in  the co rne r  o f  the b l u e -  

p r i n t  t he re  may even be found an i n d i c a t i o n  which m a t e r i a l  

should be used to c o n s t r u c t  the o b j e c t .  

The f i e l d  o f  f o r m a l i z a t i o n ,  as we can see, is much 

l a r g e r  than j u s t  mathemat ics ,  but t he re  we can see 

much b e t t e r  how the idea o f  f o r m a l i z a t i o n  deve lops .  

Mathemat ics f i n d s  out  a need o f  fo rmal  d e f i n i t i o n  o f  

i t s e l f ;  a f t e r  hav ing used formal  s t r u c t u r e s  f o r  cen- 

t u r i e s ,  in  the 19th cen tu ry  i t  is recogn ized  t h a t  the 

use o f  fo rma l  s t r u c t u r e s  in i t s e l f  is  not a guaran tee  

f o r  a c lean s i t u a t i o n  - fo rmal  d e f i n i t i o n  o f  the bas ic  

l o g i c  and o f  the bas ic  n o t i o n  is r e q u i r e d .  This chap- 

t e r  o f  h i s t o r y  o f  mathemat ics s t a r t s  w i t h  the name o f  

G. BOOLE, and the next  name to be ment ioned is  G. FREGE. 

RUSSELL and WHITEHEAD f o r m a l i z e  in t h e i r  "Pr inaip ia 
Mathematica ~t an e s s e n t i a l  p a r t  o f  ma themat i cs ,  but  t h i s  

shows a lso  how many problems the re  are s t i l l  open. 

HILBERT gave an account  o f  t h i s  in h is  Programme, but 

soon a f t e r  t h a t  G~DEL proved t h a t  the wor ld  was not  q u i t e  as 

i d e a l  or  o r d e r l y  as the ma themat i c ians  had though t  and 

t h a t  even a f i e l d  as numer ica l  mathemat ics has undec idab le  

spo ts .  

Hardware is  much b e t t e r  o f f  than so f twa re  in t h i s  r e s p e c t ,  

because d i g i t a l  hardware f u n c t i o n s  on s t r i c t l y  fo rmal  

grounds.  Whi le i t  i s  t r ue  t h a t  in  s w i t c h i n g  a l g e b r a  the 

eng inee rs  r e i n v e n t e d  the p r o p o s i t i o n a l  c a l c u l u s ,  they 

b u i l t  t h e i r  s w i t c h i n g  c i r c u i t s  f o r  computers - w i t h o u t  

r e a l l y  knowing - on the u n i v e r s a l  f o u n d a t i o n  o f  mathe- 

m a t i c s ,  and in  so do ing  they p repared  the u n i v e r s a l i t y  

o f  the computer from the very b e g i n n i n g .  Sw i t ch ing  

a l g e b r a ,  by the way, o r i g i n a t e d  in Japan, where HANZAWA 

and NAKASIMA p u b l i s h e d  t h e i r  f i r s t  a r t i c l e s  in 1936, 

be fo re  SHANNON's paper o f  1938. 
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The fo rmal  c h a r a c t e r  o f  the s w i t c h i n g  c i r c u i t s  en- 

ab led  the hardware e n g i n e e r s  to t u r n  to a u t o m a t i c  

des ign  and subsequent  a u t o m a t i c  p r o d u c t i o n  w i t h  

l i t t l e  change in  the s t r u c t u r e  p h i l o s o p h y .  M i n i a -  

t u r i z a t i o n  a m p l i f i e s  the  need o f  fo rma l  methods and 

s t r o n g l y  f o r ced  hardware to ext reme d i s c i p l i n e .  Th is  

i s  how hardware became a model case f o r  s o f t w a r e :  

w h i l e  programmers work w i t h  fo rmal  t e x t s ,  they  do 

so too f r e q u e n t l y  w i t h  h i g h l y  i n f o r m a l  ( no t  to say:  

i r r a t i o n a l )  methods p r o d u c i n g  a s i t u a t i o n  where au- 

t o m a t i c  des ign  and a u t o m a t i c  p r o d u c t i o n  become i n -  

c r e a s i n g l y  d i f f i c u l t .  

I w i l l  come back to these problems l a t e r .  

F o r m a l i z a t i o n  o u t s i d e  Mathemat ics  

Not very  many f i e l d s  were f o r m a l i z e d  be fo re  our  computer 

t i m e s ,  bu t  f o r m a l i z a t i o n  was not  a t  a l l  r e s t r i c t e d  to  

mathemat ics  o n l y .  A few examples s h a l l  i l l u s t r a t e  t h i s  

s t a t e m e n t .  

Few peop le  r e a l i z e  t h a t  mus ica l  n o t a t i o n  is  a t r u e  formal  

l anguage ,  and even fewer  t h i n k  o f  music i n  b i n a r y  te rms ,  

a l t h o u g h  a lmos t  everybody  can see t h a t  most p o p u l a r  

songs,  whe the r  c h i l d r e n ' s  songs or h i t s ,  are based on 

i 16 bar s t r u c t u r e .  Songs l i k e  

H~nschen k l e i n ,  g ing  a l l e i n  

Ein M~nn le in  s t e h t  im Walde 

WeiBt Du, w i e v i e l  S t e r n ! e i n  s tehen 

Ich f a h r '  m i t  der  Post 

Jack and J i l l  went up the h i l l  

L i t t l e  Jack Horner  

Pat a Cake, Bakersman 

and h i t s  l i k e  

HUo ho, a l t e r  Schimmel,  hUo ho 

show the  16 bar s t r u c t u r e  p e r f e c t l y ,  
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The b i n a r y  c h a r a c t e r  o f  music goes,  however ,  much f u r t h e r  

i n t o  what  I c a l l  a b s t r a c t  a r c h i t e c t u r e  o f  c o m p o s i t i o n .  

I was r e a l l y  s t r u c k  by the f a c t  t h a t  the  f i r s t  movement 

o f  Bee thoven ' s  V l t h  symphony (The P a s t o r a l e )  had e x a c t -  

l y  512 bars .  I t  t u rned  out  t h a t  t h i s  was the o n l y  

movement o f  the n ine  symphonies to show a p r e c i s e  

power o f  two,  bu t  many show sums o f  two powers o f  

two or  come c lose  to round b i n a r y  numbers. Beethoven 

and many o t h e r  composers l i k e d  b u i l d i n g  b locks  o f  8 

or 4 ba r s ,  and 64 bar b locks  seem to be the most f r e q u e n t  

b i g g e r  b locks  in  c o m p o s i t i o n s .  Of cou rse ,  an a r t i s t  

never  f o l l o w s  - r a t i o n a l l y  or  i n t u i t i v e l y  - an ab- 

s t r a c t  scheme w i t h o u t  d e v i a t i o n s  or  e x c e p t i o n s .  But 

take out  f o r  i n s t a n c e  the c r i e s  " H a l l e l u j a "  from 

H ~ n d e l ' s " H a l l e l u j a "  and t he re  remains a p e r f e c t l y  

b i n a r y  c o m p o s i t i o n .  

The e x p l a n a t i o n  f o r  the b i n a r y  c h a r a c t e r  o f  music comes 

to  a good p a r t  f rom the symmetr ies  i n  the composing 

p r i n c i p l e s ,  each symmetry add ing  a b i t .  More r e s u l t s  

from a b i n a r y  look  at  c o m p o s i t i o n  and c o m p o s i t i o n  

a r c h i t e c t u r e  can be expec ted .  

The d i g i t a l  c h a r a c t e r  o f  music cou ld  a l so  be d e r i v e d  

from the f a c t  t h a t  d i g i t a l  automata have been used 

s ince  m o r e  than 6oo yea rs  to produce music a u t o m a t i -  

c a l l y ;  from the chimes to the n i c k e l - p i a n o ,  t he re  

i s  a long h i s t o r y  o f  f o r m a l l y  per formed mus ic .  E d i s o n ' s  

phonograph opened a c e n t u r y  o f  a n a l o g - s t o r e d  music 

and i t s  r e p r o d u c t i o n ,  bu t  I am conv inced  t h a t  d i g i t a l  

systems w i l l  take over  not  f a r  in  the f u t u r e .  

Ano the r  example o f  a b i n a r y  c r a f t  and a r t  i s  weaving - 

and aga in  t h i s  i s  a f i e l d  where au toma t i on  s t a r t e d .  

The punch -ca rd  i n v e n t e d  f o r  the weave r ' s  loom i s  on- 

l y  a s y s t e m a t i c  improvement  o f  gadgets used in  weav ing 

f o r  thousands o f  y e a r s ,  to be found in  any f o l k l o r e .  

One o f  my c o l l e a g u e s  r e c e n t l y  d i s c o v e r e d  an i n t e r -  

media te  s tep of  ve ry  e a r l y  days in  a l o c a l  museum in  

Upper A u s t r i a :  a programming u n i t  b u i l t  in  174o con-  

s i s t i n g  o f  a c l o s e d - l o o p  p iece  o f  l i n n e n  on wh ich  

l i t t l e  wooden bars c o n t r o l  the s t e e r i n g  o f  the  loom - 

an i n v e n t i o n  which may go back be fo re  169o. 
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The e x p l a n a t i o n  o f  the  b i n a r y  c h a r a c t e r  o f  weav ing 

is  t h a t  each c r o s s i n g  o f  two t h reads  marks a p o i n t  in  

a d i g i t a l  weav ing  p a t t e r n .  Ma thema t i ca l  t h i n k i n g  i s ,  

as i s  a l l  human t h i n k i n g ,  s e q u e n t i a l .  N e i t h e r  the 

computer  nor  the loom are bound to the t ime sequence - 

maybe computer  programming cou ld  l e a r n  f rom the loom 

and from weav ing  programming how to  get  r i d  o f  ex-  

c e s s i v e  s e q u e n t i a l i z a t i o n .  

A t h i r d  example of  f o r m a l i z a t i o n  is  b o o k - k e e p i n g ,  aga in  

w i t h  a fo rmal  t r a d i t i o n  o f  c e n t u r i e s .  The book-keeper  

r e s t r i c t s  h i m s e l f  to the c o r r e c t n e s s  o f  h i s  books 

wh ich  are e s s e n t i a l l y  ex tended fo rms.  He i n s i s t s  

on hav i ng  the  same f i n a l  sum in  both  the  "CREDIT" and 

"DEBIT" co lumn,  bu t  he l eaves  the v e r i f i c a t i o n  o f  the 

semant ics  o f  h i s  data o u t s i d e  the books - p r e c i s e l y  

what the programmer does at  the computer .  

A s i m i l a r  r e d u c t i o n  o f  a complex r e a l i t y  to  s imp le  

forms and subsequent  fo rma l  p r o c e s s i n g  i s  the popu- 

l a t i o n  r e g i s t e r ,  the census - a n o t h e r  o r i g i n  o f  au-  

t o m a t i c  compu t i ng .  

In 1889: Hermann HOLLERITH f i l e d  h is  f i n a l  p a t e n t s  

f o r  the  punch -ca rd  system des igned  f o r  census p rocess -  

i n g ,  and the US census o f  189o was the  f i r s t  one to 

be e l a b o r a t e d  a u t o m a t i c a l l y  - one o f  the two f i r s t  

r a t h e r ,  because the A u s t r i a n  census o f  189o was a lso  

run on HOLLERITH mach ines ,  impor ted  and improved by 

Ot to  SCH~FFLER, who got  the f i r s t  p a t e n t  f o r  'com- 

p u t e r '  programming in  1896. I t  took  me t h r e e  yea rs  

to r e c o n s t r u c t  the l i f e  o f  t h i s  A u s t r i a n  p i o n e e r .  

I have ment ioned a l r e a d y  the b l u e - p r i n t .  There was one 

a t t e m p t  to f m r m a l l y  d e f i n e  the b l u e - p r i n t .  In 19o7, 

a Spanish p i o n e e r ,  Leonardo TORRES y QUEVEDO, sub- 

m i t t e d  to a meet ing  o f  r e p r e s e n t a t i v e s  o f  Academies 

o f  Sc iences  in  V ienna a paper c o n t a i n i n g  the  p roposa l  

f o r  a n o t a t i o n  f o r  the fo rma l  d e s c r i p t i o n  o f  mechan i -  

cal  c o n s t r u c t i o n s .  As an example ,  he f o r m a l l y  d e f i n e d  
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a smal l  machine the d e s c r i p t i o n  o f  wh ich  he had pub- 

l i s h e d  a yea r  b e f o r e ,  a gadget  f o r  the a u t o m a t i c  com- 

p u t a t i o n  o f  the p r o d u c t  o f  two complex numbers, The 

formal  d e f i n i t i o n  looks  a lmos t  l i k e  APT and the formal  

d e s c r i p t i o n  i n  the proposed language c o n s i s t s  o f  31 

e q u a t i o n s ,  i n c l u d i n g  even the box o f  the gadge t .  TORRES 

a p p l i e s  i n  h i s  paper arguments i n  f a v o u r  o f  fo rmal  

d e f i n i t i o n  wh ich  are as v a l i d  today  as they  were s i x t y  

yea rs  ago. (The Academies d id  not  accep t  t h i s  p a p e r . )  

As a f i n a l  example f o r  f o r m a l i z a t i o n ,  I want to take 

sc ience  in  genera l  i n c l u d i n g  p h i l o s o p h y  of  s c i e n c e .  

S ince  2oo or  3oo y e a r s ,  sc i ence  and t e c h n o l o g y  have 

worked on what cou ld  be c a l l e d  a fo rmal  model o f  the 

u n i v e r s e .  The method is  b a s i c a l l y  the a n c i e n t  Greek 

concept  o f  Atomisms and A x i o m a t i z a t i o n .  In the f i r s t  

two decades of  t h i s  c e n t u r y  t h i s  method had reached 

a peak o f  success .  RUSSELL and WHITEHEAD had f o r m a l l y  

d e f i n e d  Ma themat i cs .  In Phys ics  and C.hemist ry ,  a t o m s  

had become an e s t a b l i s h e d  r e a l i t y  and laws o f  n a t u r e  

had been used to  master  not  o n l y  a l l  k inds o f  m a t e r i a l  

bu t  a l so  a l l  k inds  o f  energy wh ich  must have been proven 

to e q u a l l y  have a tomic  c h a r a c t e r .  In P s y c h o l o g y ,  a 

d i r e c t i o n  c a l l e d  A s s o c i a t i o n i s m  was most p o w e r f u l .  

I t  teaches t h a t  a l l  we sense,  remember and t h i n k  i s  

based on a tomic  sensory  i n p u t s  ( e l e m e n t a r y  s e n s a t i o n s )  

and c o n s i s t s  o f  t h e i r  c o m b i n a t i o n  by the laws of  

a s s o c i a t i o n .  The s i t u a t i o n  of  sc ience  around 191o c a l l e d  

f o r  somebody to g e n e r a l i z e  i t  to a p h i l o s o p h y  of  sc i ence  

o f  a tomic  and l o g i c  c h a r a c t e r .  

Th i s  man in  f a c t  appeared.  I t  was the young V iennese 

e n g i n e e r  Ludwig WITTGENSTEIN, born i n  the  yea r  in  wh ich  

HOLLERITH f i l e d  h i s  p a t e n t s .  At the end of  the F i r s t  

World War, WITTGEF~STEIN had f i n i s h e d  a m a n u s c r i p t  en- 

t i t l e d  "Traotatu8 Logioo-Philosphicus", which  was 

n o t h i n g  e l se  but  an a l g o r i t h m  f o r  a fo rma l  d e f i n i t i o n  

o f  the  u n i v e r s e  i n  terms o f  l o g i c  and l o g i c a l  atoms. 

These atoms he c a l l e d  e lemen ta ry  sentences ( t he  Vienna 

C i r c l e  l a t e r  used the term p r o t o c o l  s e n t e n c e s ) .  Try 



486 

a l l  p o s s i b l e  l o g i c a l  c o m b i n a t i o n s  o f  a l l  e l e m e n t a r y  

s e n t e n c e s ,  says h i s  genera l  a l g o r i t h m ,  check by means 

of  v e r i f i c a t i o n  whe the r  they  are f a c t u a l l y  t r u e  or 

f a l s e ~  th row  away the f a c t u a l l y  f a l s e  ones and c o l l e c t  

the t r u e  ones,  and you w i l l  have a p e r f e c t  and com- 

p l e t e  fo rma l  d e s c r i p t i o n  o f  the u n i v e r s e .  From t h i s  

a l g o r i t h m ,  WITTGENSTEIN c o r r e c t l y  conc luded  the end 

of  p h i l o s o p h y .  For i f  t h a t  p r i n c i p l e  i s  made to work ,  

t h e r e  i s  n o t h i n g  more to c o n s i d e r .  And the l a s t  sen- 

tence o f  the T r ~ c t a t u s  c o n s e q u e n t l y  reads :  

What we cannot speak about, we must pass over in silence. 

WITTGENSTEIN's d e r i v a t i o n s  were not  wrong,  bu t  some of  

h i s  assumpt ions  were.  One cou ld  men t ion  GUDEL he re ,  

namely t h a t  no t  each l o g i c a l  d e c i s i o n  process  must 

come to a d e c i s i o n ~  and one cou ld  speak about  the 

d i f f i c u l t i e s  o f  v e r i f i c a t i o n .  But much more b a s i c a l l y ,  

t he re  i s  the f a c t  t h a t  o u t s i d e  l o g i c s  t he re  are no 

atoms. We know t h i s  from p h y s i c s  and c h e m i s t r y ,  where 

we have f i n a l l y  got  a c l a s s  o f  smal l  p a r t i c l e s  wh ich  

d o ' n o t  j u s t  promise a p e r f e c t  d e s c r i p t i o n  o f  the phy-  

s i c a l  u n i v e r s e .  The same f a c t  cou ld  be e s t a b l i s h e d  

f o r  p s y c h o l o g y .  F i r s t  o f  a l l  i t  i s  t r u e  f o r  l anguage .  

Even in  the s m a l l e s t  u n i t  o f  language (say :  a g e s t u r e )  

one can f i n d  and pack a f u l l  s t o r y .  WITTGENSTEIN re -  

cogn i zed  t h i s  f a c t  around 1933, and he s t a r t e d  a 

p h i l o s o p h y  I I  in  wh ich  f o r  i n s t a n c e  the meaning o f  

a word depends on the language game w i t h i n  wh ich  i t  i s  

used. 

What is  o f  impo r tance  f o r  computer  sc i ence  i s  the f a c t  

t h a t  the d i g i t a l  computer  p e r f e c t l y ~ e a l i z e s  the wo r l d  

o f  the T r a c t a t u s .  Whatever happens i n  a computer  system 

is  a c o m b i n a t i o n  and sequence o f  t r u e  atoms o f  i n f o r -  

ma t ion  - o f  b i t s  - and about  what  cannot  be sa id  i n  

b i t s  the computer  indeed keeps s i l e n t ~  I t  i s  o n l y  

we who t a l k  about  i t .  To make i t  c l e a r  in  terms o f  

WITTGENSTE!N I I :  the  meaning o f  any program depends 

on the computer  game w i t h i n  wh ich  i t  i s  used. There 

w i l l  be f o r  ever  a gap between the fo rmal  u n i v e r s e  

i n  our  systems and the i n f o r m a l  r e a l i t y ,  between the 

domain of  the programs and a l g o r i t h m s  and the l i f e  o f  
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people  and communi t ies  - a gap wh ich  remains to be 

b r i dged  by the human b e i n g ,  be fo re  and o u t s i d e  the 

mechan ica l  and fo rma l  t o o l s ,  

The Presen t  o f  F o r m a l i z a t i o n  

The computer has a c c e l e r a t e d  f o r m a l i z a t i o n  in  c e r t a i n  

ma themat i ca l  f i e l d s ,  and o u t s i d e  ma themat i cs ,  has made 

i t  a p r a c t i c a l  need - s imp l y  by be ing  i t s e l f  f o r m a l .  

The i n s t r u c t i o n  se t  o f  the p r o c e s s i n g  u n i t ,  the machine 

l a n g u a g e , i s  an a b s o l u t e l y  fo rmal  system w i t h  both  syn-  

t ax  and semant ics  d e f i n e d  by the s w i t c h i n g  c i r c u i t s  p ro -  

v ided  by the e l e c t r o n i c s  e n g i n e e r  who in  t u r n  was p ro -  

grammed by the ma thema t i c i an  who wanted the t oo l  to 

be ab le  to so l ve  p r a c t i c a l  p rob lems.  The u n i v e r s a l i t y  

o f  the computer r e s u l t e d  from t o t a l l y  p ragmat i c  m o t i -  

v a t i o n s  - the best  case t h a t  cou ld  occu r .  

The way from the i n s t r u c t i o n  se t  to the programming 

language i s  marked by s teps wh ich  aga in  were e s s e n t i a l l y  

p r a c t i c a l .  The idea o f  the f l o w  d iagram he lped,  to p in  

down the genera l  l i n e s  of  a program - to any d e s i r e d  

d e t a i l .  What has to be ment ioned nex t  in  t h i s  con- 

t e x t  i s  ZUSE's "Plankalk~l" ,  a p e r f e c t l y  fo rmal  l a n -  

guage go ing  f a r  beyond ma themat i cs ,  wh ich  ZUSE proved 

by w r i t i n g  the game o f  chess in  h i s  f o r m a l i s m .  I t  i s  

a p i t y  t h a t  he cou ld  not  c o n t i n u e  t h i s  work and t h a t  

not  more a t t e n t i o n  was pa id  to  i t :  i t  cou ld  have acce-  

l e r a t e d  c o n s i d e r a b l y  the deve lopment  o f  programming 

l anguages .  I t  was R u t i s h a u s e r  in  Europe w i t h  h i s  

"Reahenplanfertigung" who t r i g g e r e d  a l g o r i t h m i c  l a n -  

guages i ndependen t  o f  the American e f f o r t s  to automa- 

t i z e  f o rmu la  t r a n s l a t i o n .  FORTRAN and ALGOL were the 

r e s u l t s .  

At t h i s  p o i n t  o f  the paper ,  be fo re  p r o c e e d i n g ,  I shou ld  

i n s e r t  a d e t a i l e d  c h a p t e r  on the t h e o r y  o f  l anguages .  

But s i n c e  I can assume t h a t  my readers  know t h i s  t h e o r y  

f a i r l y  w e l l ,  I can r e s t r i c t  m y s e l f  to a few keywords,  

j u s t  to l ay  out  a f ramework f o r  the c o n t i n u a t i o n  of  

my l i n e  o f  t h o u g h t s .  
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The t h e o r y  o f  s c i e n t i f i c  language as deve loped  by 

PEIRCE, MORRIS and the Vienna C i r c l e ,  d i s t i n g u i s h e s  

t h ree  l e v e l s  o f  i n v e s t i g a t i o n ~  to which I want to 

add a l e v e l  0 which h i s t o r i c a l l y  has always been the 

f i r s t  i tem in language d e s c r i p t i o n :  the a l p h a b e t .  

Here~ we see language s t a r t i n g  from an a tomic  con- 

cep t ,  which however does not  he lp  f o r  i t s  e s s e n t i a l  

c o n t e n t .  

Ne f i n d  the on l y  t r ue  atom, the b i t ,  which can be used 

to c o n s t r u c t  a code f o r  any a l p h a b e t ,  so t h a t  the 

c h a r a c t e r  appears as a m o l e c u l e :  a c o m b i n a t i o n  of  

b i t s ,  a d i f f e r e n t  one f o r  each c h a r a c t e r .  On the 

nex t  l e v e l ,  an i n t e r m e d i a t e  l e v e l  which I w i l l  not  

number, the c o m b i n a t i o n  o f  c h a r a c t e r s  y i e l d s  the 

word - a u n i t  o f  language as m y s t e r i o u s  as the human 

mind, we l l  s u p p o r t i n g  the p a r t i c u l a r  meaning which 

the b i b l e  a t t a c h e s  to the word Verbum. As easy as 

i t  i s  to code a word,  as d i f f i c u l t  is  i t  to catch 

i t s  meaning,  to d e f i n e  f o r m a l l y  what a t r a d i t i o n a l  

word means. Only the c o n s t r u c t e d  meaning o f f e r s  i t -  

s e l f  to fo rma l  d e f i n i t i o n .  



489 

The p rope r  l e v e l s  o f  i n v e s t i g a t i o n  are s y n t a x ,  seman- 

t i c s  and p r a g m a t i c s .  The p u r e s t  d e f i n i t i o n  of  s yn tax  

makes i t  a se t  o f  r u l e s  to d e f i n e  a l l  w e l l - f o r m e d  sen-  

t ences ;  i t  d e s c r i b e s  the comb ina t i on  of  c h a r a c t e r s  

or words a b s o l u t e l y  i ndependen t  of  any meaning.  The 

p e r f e c t  s yn tax  o f  a w e l l - c o n s t r u c t e d  language per -  

m i t s  mechan ica l  c h e c k i n g ,  whe ther  the sentence i s  

w e l l - f o r m e d ,  and the r e j e c t i o n  of  s y n t a c t i c a l  e r r o r s .  

Semant ics s t u d i e s  the meaning o f  the ( w e l l - f o r m e d )  

sen tence .  The i d e a l  p r i n c i p l e  would be to v e r i f y  

the f a c t u a l  t r u t h  o f  each sen tence .  The T r a c t a t u s  

(and w i t h  the T r a c t a t u s  the Vienna C i r c l e  and Log i ca l  

P o s i t i v i s m )  assumed t h a t  v e r i f i c a t i o n  was p o s s i b l e  

f o r  a sen tence  ( a t  l e a s t  in  p r i n c i p l e ) ,  but  t ime has 

shown t h a t  many d i f f i c u l t i e s  i n h i b i t e d  any s u c c e s s f u l  

programme to do so. The A u s t r i a n - B r i t i s h  p h i l o s o p h e r  

S i r  Kar l  POPPER conc luded t h a t  s i nce  v e r i f i c a t i o n  was 

not  p o s s i b l e ,  we are o b l i g e d  to t r y  to f a l s i f y  sen- 

tences to  our  bes t .  Only those sentences wh ich  r e s i s t  

f a l s i f i c a t i o n  are a l l owed  to remain in  our  basket  o f  

temporary  knowledge,  and t h e r e  i s  no f i n a l  one ex-  

cep t  the t a u t o l o g i c a l  t r u t h  w i t h i n  fo rma l  systems.  

The f a i l u r e  of A u t o m a t i c  T r a n s l a t i o n  of  n a t u r a l  l a n -  

guage i s  c e r t a i n l y  connected to those d i f f i c u l t i e s .  

Only  in  the  c o n s t r u c t e d  wo r l d  o f  l o g i c  and mathemat ics  

and the computer  - we are on safe  ground.  There we 

have the  chance of  f o r m a l l y  d e f i n i n g  the  meaning and 

to prove seman t i ca l  c o r r e c t n e s s .  

The t h i r d  l e v e l  o f  the t h e o r y  of  languages is  p rag-  

ma t i cs  - e v e r y t h i n g  not  covered by syn tax  and seman- 

t i c s ,  l i k e  the use of  the language ,  i t s  use r ,  the 

f a s h i o n s  and d i a l e c t s ,  the h i s t o r y  o f  the  language ( i f  

a p p l i c a b l e ) ,  What to a c h i e v e ,  in  o t h e r  words ,  w i t h  

a des igned  language i s  p r a g m a t i c s ;  t h i s  shows aga in  

t h a t  p ragmat i cs  is  the beg in  and the end of  language 

i n v e s t i g a t i o n ,  and s y n t a x  and semant ics  are o n l y  

m idd le  s e c t i o n s  o f  i t ;  and s e c o n d l y ,  s ince  i t  i s  ob- 

v i ous  t h a t  t h e r e  i s  no hope to f o r m a l i z e  p r a g m a t i c s ,  
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i t  makes c l e a r  once more t h a t  s y n t a c t i c  and seman- 

t i c  s t r u c t u r e s  are e s s e n t i a l l y  embedded in rea l  

l i f e .  We w i l l  never  a t t a i n  a t o t a l  f o r m a l i z a t i o n  

o f  a n y t h i n g .  

Let  me s h o r t l y  ment ion  the d i s t i n c t i o n  between n a t u r a l  

and c o n s t r u c t e d  l anguages ,  a d i s t i n c t i o n  I have used 

a l r e a d y ;  n a t u r a l  languages can be a l i v e  and dead. 

There are m i x t u r e s  between n a t u r a l  and fo rma l  l a n -  

guages. An example f o r  t h i s  case is  the medica l  l a n -  

guage o f  which c e r t a i n  fo rma l  p a r t s ,  the i n d i c a t i o n  

o f  the body t e m p e r a t u r e ,  f o r  i n s t a n c e ,  l i k e  any o t h e r  

va lue  o f  a p h y s i c a l  measurement,  can be s u b j e c t  o f  

fo rma l  h a n d l i n g  and, t h e r e f o r e ,  o f  computer  p r o c e s s i n g .  

The many, sometimes very  advanced ma thema t i ca l  s t r u c -  

t u res  o f  med ica l  knowledge are as fo rma l  as any tech -  

n i c a l  c o n s t r u c t i o n .  But t he re  are o the r  p a r t s ,  f o r  

i n s t a n c e  in a medica l  r e c o r d ,  which are h i g h l y  i n f o r m a l ;  

i t  would be e x t r e m e l y  hazardous to submi t  them to 

a u t o m a t i c  p r o c e s s i n g  o t h e r  than s to rage  and r e p r o d u c -  

t i o n .  I am sure t h a t  nobody would e n t r u s t  h i m s e l f  

today  to a t o t a l l y  f o r m a l i z e d  and compu te r i zed  medi-  

cal t r e a t m e n t .  This ~i~ves an idea o f  the heavy p ro -  

blems of  med ica l  i n f o r m a t i o n  p r o c e s s i n g .  

F i n a l l y ,  I have to ment ion  the d i s t i n c t i o n  between 

language ,  m e t a - l a n g u a g e ,  m e t a - m e t a - l a n g u a g e ,  and 

so on ( m e t a ( n ) l a n g u a g e ) .  I t  is  c l e a r  t h a t  a na tu -  

r a l  language can be used as me ta - l anguage  o f  any 

l e v e l .  The open q u e s t i o n  is  whether  we s h a l l  see 

one day a fo rma l  language which is  r e c u r s i v e  to 

the degree t h a t  i t  can be d e s c r i b e d  in  i t s e l f ,  so 

t h a t  we can do away w i t h  a n a t u r a l  language as 

the u l t i m a t e  m e t a - l a n g u a g e .  So f a r ,  I have not  

y e t  seen any p rom is i ng  a t t e m p t  to ach ieve  t h i s .  

Now I w i l l  t u rn  to the d i s c u s s i o n  o f  t h ree  l e v e l s  

of  f o r m a l i z a t i o n  which have ga ined impor tance  

around the computer ;  these t h ree  l e v e l s  are 

( I )  fo rmal  n o t a t i o n ,  

(2) fo rma l  d e f i n i t i o n  and 

(3) c o r r e c t n e s s  p r o o f s .  
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The f i r s t  l e v e l  has been in  use f o r  a Jong t ime :  

i t  is  the i n t r o d u c t i o n  o f  a fo rma l  language which 

a l l o w s  mechan ica l  d e r i v a t i o n s ,  so t h a t  i t  i s  pos- 

s i b l e  to  ach ieve  genera l  agreement on the r e s u l t :  

i f  the r u l e s  have been p r o p e r l y  observed ,  the o u t -  

come must be accepted by everybody .  What can be 

c h a l l e n g e d  are the assumpt ions o r ,  under c e r t a i n  

c o n d i t i o n s ,  the used n o t i o n s .  These n o t i o n s  w i l l  

be c h a l l e n g e d ,  i f  i t  is  p o s s i b l e  to d e r i v e  c o n t r a -  

d i c t i o n s ,  pa radoxa .  Then, a nex t  l e v e l  must be 

i n t r o d u c e d ,  a fo rmal  d e f i n i t i o n  o f  the n o t i o n s ,  

which is  p o s s i b l e  - I r e p e a t  - on l y  in  c o n s t r u c t e d  

languages .  Cons t ruc ted  languages have the f u r t h e r  

advantage t h a t  t h e i r  knowledge can be a c q u i r e d  

in the mother l anguage ,  so t h a t  in  the fo rma l  f i e l d  

communicat ion becomes independen t  o f  the command 

o f  a f o r e i g n  language ( o f  E n g l i s h ,  in  the computer 

f i e l d )  and o f  excess i ve  language f i n e s s e  o f  an 

a u t h o r  (which u s u a l l y  is i d e n t i c a l  w i t h  obscuran-  

t i sm anyway - not  a lways ,  I a d m i t ) .  

The second l e v e l  o f  f o r m a l i z a t i o n ,  the fo rma l  d e f i -  

n i t i o n  o f  the a p p l i e d  fo rmal  l anguage ,  is  p r a c t i -  

c a l l y  always ach ieved by means o f  an a b s t r a c t  ma- 

ch ine  - the Tu r ing  machine is  the best  known 

example.  

The a b s t r a c t  machine can assume a set  o f  s t a t e s  and 

moves from one s t a t e  to the nex t  on the bas is  o f  a 

w e l l - d e f i n e d  t r a n s i t i o n  f u n c t i o n .  S ince t he re  is  

no reason to exchange a l l  parameters  du r i ng  one 

t r a n s i t i o n  - r a t h e r  the t r a n s i t i o n  w i l l  in  most 

cases concern on l y  a smal l  subpar t  o f  the s t r u c t u r e  - ,  

i t  is  c o n v e n i e n t  to o r g a n i z e  the s t a t e  as a complex 

system of  subs ta tes  and to i n t r o d u c e  a f u l l  se t  

o f  t r a n s i t i o n  f u n c t i o n s ,  c o n d i t i o n e d  by s t a t e  (sub- 

s t a t e )  and i n p u t  (or  nex t  e l a b o r a t e d  p a r t  o f  t e x t ) .  

A s p e c i a l  c o n t r o l  mechanism~ which can be a p a r t  

o f  the a b s t r a c t  machine,  ensures the p roper  se- 

quenc ing o f  the s teps .  
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The a b s t r a c t  machine can d e f i n e  the syn tax  and the 

semant ics  o f  a fo rma l  language or a fo rma l  system, 

based on o p e r a t i o n a l  or  a x i o m a t i c  p r i n c i p l e s .  I t  

is c e r t a i n l y  known to a l l  o f  you t h a t  the Vienna 

IBM L a b o r a t o r y  has des igned a n o t a t i o n ,  a method 

o f  d e f i n i t i o n  and f i n a l l y  the fo rma l  d e f i n i t i o n  o f  

the semant ics  o f  P L / I ,  so t h a t  I am not  j u s t  speak- 

ing o f  p o s s i b i l i t i e s ,  but  o f  r e a l  r e s u l t s  (and a 

r e s u l t  o f  n o n - t r i v i a l  s i z e ) .  

But fo rma l  d e f i n i t i o n  is  not  the end o f  the f o r m a l i -  

z a t i o n  game° The nex t  l e v e l  is  c h a r a c t e r i z e d  by 

c o r r e c t n e s s  p roo fs  f o r  the s o l u t i o n s .  Since no human 

mind watches the processes runn ing  in nano-second 

steps th rough  the computer ,  t h e r e  is never  an i n -  

s tance in which a wrong assumpt ion can be observed 

out  o f  the process d e t a i l s .  Of course~ we f l a t t e r  

o u r s e l v e s  t h a t  in  our programs every  p o s s i b i l i t y  

has been p r e c o n c e i v e d  and t h a t ,  c o n s e q u e n t l y ,  t h e r e  

is n o t h i n g  to  be observed which is not a l r e a d y  known. 

But are we always sure t h a t  t h i s  is  r e a l l y  so? Even 

in a p u r e l y  human o p e r a t i o n  t he re  is  much t r u s t ' i n  

o f f e r e d  s o l u t i o n s ,  and in  many cases i t  would be 

d i f f i c u l t  to o b j e c t  to a s o l u t i o n ,  because the whole 

s i t u a t i o n  has i n f o r m a l  i n g r e d i e n t s  which remain da rk .  

(Sometimes the s o l u t i o n  is  r eady ,  the problem to  which 

i t  a p p l i e s  i s  unknown. There is  some l o g i c  in  such a 

case: t h e r e  are so many more q u e s t i o n s  than answers 

t h a t  i t  is  economic to work out  answers i n d e p e n d e n t l y  

o f  the q u e s t i o n s . . . ) ,  

A c o r r e c t n e s s  p r o o f  e s t a b l i s h e s  a l i n k  between a 

fo rmal  q u e s t i o n  and a fo rma l  answer;  i t  makes sure 

t h a t  the answer indeed f i t s  to the q u e s t i o n ,  t h a t  

the s o l u t i o n  indeed r e s o l v e s  the prob lem.  For t h i s  

purpose ,  however~ fo rmal  n o t a t i o n  and d e f i n i t i o n  

are a p r e r e q u i s i t e ,  but  they  are not  s u f f i c i e n t .  A 

fo rma l  env i r onmen t  f o r  the s o l u t i o n  process is to 

be e s t a b l i s h e d .  I f  the c o r r e c t n e s s  p r o o f ,  t hen ,  is 

a c h i e v e d ,  the user en joys a l l  the r e l i a b i l i t y  o f  

a fo rma l  system. 
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Th is  h i g h e s t  l e v e l  o f  f o r m a l i z a t i o n  r e q u i r e s  an ex-  

t r e m e l y  c l ean  f i e l d  o f  o p e r a t i o n ,  and d e f i n i t e l y  

no t  every  a u t h o r  in  computer  sc i ence  is  f i g h t i n g  f o r  

i t .  The t r a g e d y  is  t h a t  i t  i s  p o s s i b l e  to f i g h t  f o r  

f o r m a l i t y  on ve ry  obscure  pa ths .  

On the o t h e r  hand, i t  is  p o s s i b l e  to f i g h t  f o r  i n f o r -  

m a l i t y  w i t h  a p p a r e n t l y  sound arguments wh ich  are 

not  easy to r e f u t e .  Programming in  n a t u r a l  language 

sounds so a t t r a c t i v e ,  so u s e f u l ,  so f a m i l i a r .  Why 

shou ld  i t  not  be p o s s i b l e ?  And would i t  no t  be the 

s o l u t i o n  f o r  the average user? Na tu ra l  language i s  

wh~t he knows, what he needs to l e a r n  ( l i k e  a p ro -  

gramming l a n g u a g e ) .  And y e t ,  programming in  n a t u r a l  

language - excep t  in  t r i v i a l  a p p l i c a t i o n s  - i s  a 

na ive  e r r o r ,  commit ted and even c u l t i v a t e d ,  however ,  

by the most s o p h i s t i c a t e d  computer s p e c i a l i s t s .  

I f  the problem exceeds the b r a i n s  of  the use r ,  then 

on l y  the programming s p e c i a l i s t  can he lp  - i f  at  a l l ,  

because even the most i n t e l l i g e n t  s p e c i a l i s t  can on- 

l y  program what  has been made c l e a r  to him. 

Formal languages are a he lp  f o r  the c lumsy s t y l e  o f  

a weaker i n t e l l i g e n c e ,  bu t  in  no case is  the c lumsy 

i n f o r m a l  s t y l e  a he lp  a g a i n s t  a lack  of  command o f  

a fo rmal  language .  

Whoever has the a b i l i t y  to t h i n k  c l e a r l y  and to ex-  

press h i m s e l f  c l e a r l y ,  can l e a r n  a programming l a n -  

guage in  o rde r  to d e f i n e  the f l o w  o f  da ta ,  energy  

and m a t e r i a l  to the p r e c i s i o n  r e q u i r e d  by a u t o m a t i c  

f u n c t i o n .  Lack o f  t h i s  a b i l i t y  w i l l  produce d e s c r i p -  

t i o n s  or i n s t r u c t i o n s  wh ich  the most advanced com- 

pu te r  program w i l l  not  be ab le  to f o l l o w ;  the com- 

p u t e r  w i l l  do the r i g h t  t h i n g  by mere (and s m a l l )  

chance.  

The on l y  o t h e r  way out  is  what may be c a l l e d  " i n v i s i b l e  

p rogramming" :  the des ign  of  an a u t o m a t i c  system in  

wh ich  the processes - s imp le  or c o m p l i c a t e d  - are 

t r i g g e r e d  by t r i v i a l  a c t i o n s  ( i n s e r t i o n  o f  a magnet i c  
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card or  a coin~ d e p o s i t  o f  a l o a d ) ,  w h i l e  the pro-  

grams remain t o t a l l y  w i t h i n  the boxes.  

The computer  is  an i n t e l l i g e n c e  a m p l i f i e r ,  i f  t h e r e  is  

i n % e l l i g e n c e  at  the i n p u t .  The computer is an un- 

i n t e l l i g e n c e  a m p l i f i e r ,  i f  i n s t r u c t e d  by i g n o r a n c e .  

I t  i s  a good g o a l ,  i t  p r o b a b l y  i s  a n e c e s s i t y  to p ro -  

t e c t  the computer  user from unnecessary  l e a r n i n g  

( t e c h n o l o g y  in genera l  and computer t e c h n o l o g y  in 

p a r t i c u l a r  overburden  the user w i t h  l e a r n i n g ,  in 

l a r g e  but  more so in smal l  q u a n t i t i e s ) ;  but  t he re  

is  some p s y c h o l o g i c a l  economy in  d e a l i n g  w i t h  au- 

t o m a t i c  equ ipment  from which one cannot  d e v i a t e  

too f a r :  Q u a s i - i n t e l l i g e n t  appearance o f  the com- 

pu te r  can o n l y  lead  to d e c e p t i o n .  

Arguments f o r  and a g a i n s t  F o r m a l i z a t i o n  

A few keywords f o r  and a g a i n s t  f o r m a l i z a t i o n  are  

FOR AGAINST 

c l a r i t y  c l a r i t y  

economy l e a r n i n g  

s e c u r i t y  r i s k  

f reedom freedom 

g e n e r a l i t y ,  e legance  c o s t l y ,  i m p r a c t i c a l  

C l a r i t y  and u n a m b i g u i t y  are the most i m p o r t a n t  v i r t u e s  

o f  f o r m a l i z a t i o n ,  The a b s t r a c t  n o t i o n s  o f  the fo rma l  

system are d i f f e r e n t  from the c o n c r e t e  n o t i o n s  used 

in  n a t u r a l  l anguage ,  they  are f r e e  from c o n n o t a t i o n s  

and t a c i t  assumpt ions - i t  i s  p o s s i b l e  to express 

no more and no less  than what shou ld  be s a i d .  

But t h i s  is  p r e c i s e l y  a reason to be a g a i n s t  f o r m a l i -  

z a t i o n :  too  much c l a r i t y  b inds a l l  concerned to an 

amount which is  f r e q u e n t l y  ve ry  bad or a t  l e a s t  cum- 

bersome. There a re ,  o f  cou rse ,  fo rmal  methods to l eave  

out  pa r t s  which are to be s p e c i f i e d  l a t e r ,  and no 

p r e c i s i o n  i s  l o s t  - but  such methods r e q u i r e  a know- 

ledges a command o f  f o r m a l i z a t i o n  which is  not  e a s i l y  

a v a i l a b l e .  
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There is a more impor tant  argument, namely tha t  i n f o r -  

mal express ion c a r r i e s  more i n fo rma t ion  than formal 

which is t r ue .  Think of the medical example given 

e a r l i e r ;  medical d e s c r i p t i o n s ,  medical knowledge can 

be analyzed and transformed in to  a formal system, but 

there is no doubt tha t  some in fo rma t ion  is l o s t  in 

t h i s  process. C l a r i t y  can indeed be a negat ive argument. 

Economy, r e f l e c t e d  by the shortness of express ion ,  

mechanical s i m p l i f i c a t i o n  and r e p e t i t i o n ,  is obvious- 

l y  a strong argument. R e p e t i t i o n ,  in p a r t i c u l a r ,  

y i e l d s  the basis for  savings and is the p recond i t i on  

f o r  au toma t i za t i on ,  fo r  

automat ic programming 

automat ic generat ion 

automat ic s imu la t i on  and 

automatic documentation. 

The counterargument aga ins t  economy is to say yes,  

tha t  is a l l  t r ue ,  but i t  requ i res  an amount of edu- 

ca t ion  on the producing and at the app ly ing side 

which destroys the advantages. This is in f a c t  an 

impor tant  po in t  which keen f o r m a l i z e r s  o f ten  over-  

look.  

A s i m i l a r  double argument can be presented fo r  se- 

c u r i t y  and r e ] i a b i l i t y  gained by formal t rea tment .  

S t ruc tu res  become e x c e p t i o n - f r e e ,  mechanic evalua-  

t i o n ,  pe r fec t  syntax - every th ing  is very good 

the i n t e r p r e t a t i o n  goes outs ide the formal s t ruc tu res  

and becomes independent of the personal command of 

any l i v i n g  language, in which th ings otherwise have 
to be handled. 

The counterargument again says tha t  there is  r i s k  

in the new p r i n c i p l e s ;  nobody can guarantee tha t  

they r e a l l y  w i l l  be success fu l ,  so tha t  the o v e r a l l  

gain is ques t ionab le .  
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Ano the r  f i n e  p r o p e r t y  of  f o r m a l i z a t i o n  is g e n e r a l i -  

t y  and e l e g a n c e ;  problem s i t u a t i o n s  can be p recon -  

ce i ved  at  an e a r l y  s tage of  deve lopment ,  t h e r e  are 

no a r b i t r a r y  e n t r i e s  to the se t  o f  concepts  and 

each o f  them is  accepted o n l y  i n  the most genera l  

form~ wha teve r  one is  wo rk i ng  on, i t  can be a p p l i e d  

to any o t h e r  f i e l d  where i t  a p p l i e s .  

The c o u n t e r a r g u m e n t  here i s  t h a t  g e n e r a l i t y  i s  c o s t -  

l y  - no t  o n l y  i n  d o l l a r s ,  bu t  a l so  e .g .  in  compi-  

l a t i o n  t ime .  Elegance i s  o f t e n  i m p r a c t i c a l  a n d , i n  

f a c t ,  some ve ry  p r a c t i c a l  t h i n g s  are h i g h l y  i n e l e -  

gan t .  The s p e c i f i c  s o l u t i o n  by many peop le  i s  to p re -  

f e r  the  g e n e r a l ,  no t  i n  the l a s t  f o r  economica l  rea -  

sons.  I f  you want to make b ig  b u s i n e s s ,  you r a t h e r  

t r y  i t  w i t h  a s p e c i a l  p a t e n t  b u t t o n  wh ich  is  d i f f e r e n t  

from those on the market  than w i t h  a g e n e r a l i z e d  

b u t t o n  i n c l u d i n g  the common f e a t u r e s  of  a l l  o t he r s  

on the marke t .  

Freedom, f i n a ! l y ~  is  opened by f o r m a l i z a t i o n  f o r  the 

subsequent  s t e p s ,  because the system is  i d e a l l y  t r a n s -  

p a r e n t ,  a l l  p o s s i b i l i t i e s  can be seen w i t h o u t  long 

t r i a l s .  But the argument  can be t u rned  a round ,  s t a t i n g  

t h a t  f o r m a l i z a t i o n  removes the freedom of  r e i n t e r -  

p r e t i n g  the e a r l y  d e s c r i p t i o n ,  the p o s s i b i l i t y  to 

say:  you have m i sunde rs tood  me, what I r e a l l y  meant 

to say was the f o l l o w i n g . . .  

Of c o u r s e ,  nobody w i l l  s e l l  such a r e i n t e r p r e t a t i o n  

as a des ign  p r i n c i p l e ,  bu t  i n t u i t i v e l y  i t  m igh t  f r e -  

q u e n t l y  be a power i n  the f i g h t  between fo rma l  and 

i n f o r m a l .  

A l l  those arguments t o g e t h e r  lead  to a bas i c  p r i n -  

c i p l e  o f  des ign  wh ich  c a r r i e s  the name of  a r c h i -  

t e c t u r e  - a b s t r a c t  a r c h i t e c t u r e ,  I shou ld  say,  i n  

o rde r  to d i s t i n g u i s h  i t  f rom what the term d e s i g -  

nates now - namely the same s loppy  way of  g l u e i n g  

pa r t s  t o g e t h e r ,  wh ich  was f o r m e r l y  c a l l e d  l o g i c a l  

d e s i g n .  
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One can make an i n t e r e s t i n g  e x e r c i s e :  l o o k i n g  up 

the Encyc loped ia  B r i t a n n i c a  and r ead ing  what 

b u i l d i n g  a r c h i t e c t s  unders tand  by the term.  I t  i s  

d e f i n e d  as 

the a r t  and t e c h n o l o g y  of  b u i l d i n g ,  f u l f i l l i n g  the 

p r a c t i c a l  and e x p r e s s i v e  needs o f  c i v i l i z e d  peop le .  

The main goa ls  are 

s u i t a b i l i t y  to use by human be ings 

s t a b i l i t y  and permanence of  i t s  c o n s t r u c t i o n  

communica t ion  o f  e x p e r i e n c e  and ideas t h rough  

form.  

Are not  a l l  o f  those t hough t s  p e r f e c t l y  a p p l i c a b l e  

to what we are do ing? Or to what we shou ld  do? 

The chap te rs  o f  the Encyc loped ia  keyword are 

use - types 

- p l a n n i n g  

t e c h n i q u e s  m a t e r i a l s  

methods 

e x p r e s s i o n  - c o n t e n t  

form 

and "Economy p reven ts  work w i t h o u t  (o r  on l y  po ten -  

t i a l )  demand" 

The n o t i o n  and the term of  computer a r c h i t e c t u r e  

were i n t r o d u c e d  in  a book on the computer "STRETCH" 

in  1962, and t he re  the d e f i n i t i o n  g i ven  by F.P. 

BROOKS is  q u i t e  c l e a r  and a l r i g h t .  I t  was a p p l i e d  

in  the hardware des ign  o f  the IBM System/36o,  but  

soon the term and the idea d isappeared  from l i t e r a -  

t u r e .  I t  was one of  the /36o f a t h e r s  who p u b l i s h e d  

s ince  then on the n o t i o n  of  a r c h i t e c t u r e ,  and he 

p o i n t s  out  what makes ~ood a r c h i t e c t u r e .  He d i s t i n -  

gu i shes  t h ree  s teps in  des ign  

a r c h i t e c t u r e ,  i m p l e m e n t a t i o n  and r e a l i z a t i o n .  

A r c h i t e c t u r e  i s  the f u n c t i o n a l  appearance of  the 

system to the user  (what  happens) .  I m p l e m e n t a t i o n  

is  the l o g i c a l  s t r u c t u r e  - in  d e t a i l  wh ich pe r -  

forms the a r c h i t e c t u r e  (how i t  happens) .  And r e a l i -  

z a t i o n  is  the hardware c o n s t r u c t  (where i t  happens) .  
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The key idea is  c o n s i s t e n c y :  i f  the a r c h i t e c t u r e  

is  c o n s i s t e n t ,  a p a r t i a l  knowledge o f  the system 

a l l o w s  the p r e d i c t i o n  o f  the rema inder  ( t h i s  is  

why I l i k e  to d e f i n e  a b s t r a c t  a r c h i t e c t u r e  as c rea-  

r i v e  redundancy - r e p e t i t i o n  and symmetry are b u i l d i n g  

p r i n c i p l e s  not  o n l y  in  t e c h n o l o g y  but  a l so  in  the 

a r t s  and in  music p a r t i c u l a r l y ) .  

Good a r c h i t e c t u r e  is  a l so  c h a r a c t e r i z e d  by o r t h o -  

g o n a l i t y ,  p r o p r i e t y  and g e n e r a l i t y ,  O r t h o g o n a l i t y  

means no unnecessary  c o u p l i n g  o f  concepts  or  

f u n c t i o n s  which are p rope r  to the e s s e n t i a l  re -  

qu i rementso  G e n e r a l i t y  means t h a t  each concep t ,  

p r o p e r t y  or  f u n c t i o n  which must be i n t r o d u c e d  w i l l  

be i n t r o d u c e d  in i t s  most genera l  form.  

Good a r c h i t e c t u r e  w i l l  show openendedness and com- 

p l e teness~  openendedness means t h a t  t he re  are no 

unnecessary  r e s t r i c t i o n s  and t h e r e  is  ample space 

f o r  l a t e r  and f u r t h e r  deve lopmen t ;  comple teness 

means t h a t  t h e r e  is no a r b i t r a r y  s e l e c t i o n  - i f  

a p a r t  o f  a s e t ,  then the f u l l  se t .  F u r t h e r  k~ywords 

are symmetry,  t r a n s p a r e n c y ,  c o m p a t i b i l i t y ,  r e l i a -  

b i l i t y ;  good a r c h i t e c t u r e  is  s t i m u l a t i n g  and s e l f -  

t e a c h i n g .  

Of cou rse ,  t h e r e  is  the danger t h a t  a p e r f e c t  a r -  

c h i t e c t u r e  is  des igned ,  but  t h a t  i t  f i n a l l y  shows 

the p r o p e r t y  o f  poor per fo rmance  - but  such a bad 

r e s u l t  w i l l  not  o c c u r ,  i f  the whole des ign was 

based on the advantages o f  c lean  fo rma l  methods. 

System a r c h i t e c t u r e  r e q u i r e s , i n  o t h e r  words,  

tho rough  f o r m a l i z a t i o n ;  i t  cannot  be l e f t  to "na-  

t u r a l  e v o l v e m e n t "  And t h i s  remark opens an i n t e r -  

e s t i n g  r e l a t i o n  to "Genera l  Systems Theory"  - i n t o  

which ! w i l l  not  l ook  any f u r t h e r ,  however.  
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The Fu tu re  of  F o r m a l i z a t i o n  

F o r m a l i z a t i o n  is  not  a s o l i t a r y ,  e s o t e r i c  amusement 

o f  some extreme s p e c i a l i s t s ,  a t h e o r y  f o r  the sake 

of  t h e o r y .  ' I t  w i l l  become in  very  s h o r t  t ime 

a p r o d u c t i o n  t o o l ,  

a management t oo l  and 

an a p p l i c a t i o n  t o o l .  

The computer i s  much too power fu l  to p roduce ,  to 

o r g a n i z e  and to app ly  i t  by i n t u i t i o n  or by casual  

methods.  I n f o r m a t i o n  p r o c e s s i n g  r e q u i r e s  the more 

p r e c i s i o n  in  every  l a y o u t ,  the f a s t e r ,  the b i g g e r  

and the cheaper the equipment  becomes - o n l y  t ho rough  

f o r m a l i z a t i o n  o f f e r s  the t i g h t  c o n t r o l  wh ich our 

power fu l  t oo l  needs,  i f  i t  shou ld  not  go a s t r a y  

o r g a n i z a t i o n a l l y  and f i n a n c i a l l y ,  in  i t s  growth 

and i t s  i n f i n i t e  a p p l i c a t i o n s .  

F o r m a l i z a t i o n ,  t h e r e f o r e ,  w i l l  ex tend  to the e n v i r o n -  

ment o f  the p roper  in format i~on p r o c e s s i n g  equ ipmen t ,  

a formal  d e f i n i t i o n  of  the t o t a l  system w i t h i n  wh ich 

the computer is  used w i l l  be necessa ry ,  an a b s t r a c t  

machine mode l ing  the t o t a l  e n t e r p r i s e ,  i n s t i t u t i o n  

or any o t h e r  s t r u c t u r e ,  not  o n l y  i t s  mechan ica l  

pa r t s  but  a l so  i t s  human, to i t s  n a t u r a l  s t r u c t u r e s .  

Th is  in  t u r n  w i l l  sharpen the problems of  f o r m a l i -  

z a t i o n .  Many q u e s t i o n s  w i l l  be r a i s e d :  what is  the 

r e l a t i o n  between a formal  model and an o rgan ism,  

the r e l a t i o n  between a l l  those c o n s t r u c t e d  languages 

and the n a t u r a l  ones? I have ment ioned medica l  

s t r u c t u r e s  as examples of  complex na tu re  - l e g a l  

s t r u c t u r e s  are ano the r  i n s t a n c e  of  a complex s i -  

t u a t i o n .  A l t h o u g h  l ega l  language and l e g a l  t h i n k i n g  

have a c e r t a i n  formal  c h a r a c t e r ,  the l e g a l  p h i l o -  

sophy of  f o r m a l i z a t i o n  is  e s s e n t i a l l y  d i f f e r e n t  

from the l o g i c a l  and t e c h n i c a l  f o r m a l i z a t i o n ;  to 

put  l e g a l  s t r u c t u r e s  on the computer i s  h i g h l y  ne- 

c e s s a r y ,  but  e x t r e m e l y  d i f f i c u l t  because of  the gap 

between l o g i c a l  and l ega l  t h i n k i n g .  Many o t h e r  
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examples of  problem areas f o r  f o r m a l i z a t i o n  and 

computer  a p p l i c a t i o n  cou ld  be g i v e n ,  a l o t  o f  

work i s  ahead o f  us. 

F o r m a l i z a t i o n  w i l l  grow in  impor tance  and e x t e n s i o n ,  

and i t  w i l l  have many feedbacks to the s t r u c t u r e s  

on wh ich  i t  i s  a p p l i e d .  F o r m a l i z a t i o n  w i l l  i n f l u e n c e  

the p r o d u c t s  r e s u l t i n g  from f o r m a l i z e d  p rocesses ,  

the e n t e r p r i s e s  and i n s t i t u t i o n s  a p p l y i n g  

f o r m a l i z e d  p rocesses ,  

the p r o f e s s i o n s  wh ich  w i l l  have to go i n t o  f o r -  

mal t r e a t m e n t  o f  t h e i r  work ,  

the c o u n t r y  i n  wh ich  s u b s t a n t i a l  computer  a p p l i -  

c a t i o n s  w i l l  produce a t i g h t  ne twork  of  f o r -  

ma l i zed  sys tems.  

F o r m a l i z a t i o n  w i l l  deve lop  - f o r c e f u l l y  pushed or  

happen ing  as a s i d e - e f f e c t  o f  c o m p u t e r i z a t i o n  - the 

a r t  o f  a b s t r a c t  e n g i n e e r i n g ,  the t ype  o f  e n g i n e e r  

ve ry  d i f f e r e n t  from the c l a s s i c  mechan ica l  e n g i n e e r ,  

but  based on the same v i r t u e s  of  compromis ing  be t -  

ween needs and p o s s i b i l i t i e s ,  between q u a l i t y ,  

cos t  and punc tua l  d e l i v e r y ,  between mathemat i ca l  

p r e c i s i o n  and i l l o g i c  i n t u i t i o n .  

F o r m a l i z a t i o n  w i l l  i n f l u e n c e  s o c i e t y .  The l i f e  o f  

the i n c r e a s e d  p o p u l a t i o n  of  our  p l a n e t  can on l y  

be m a i n t a i n e d  by means o f  advanced t e c h n o l o g y ,  and 

good mechan isms j  c o n c r e t e  as w e l l  as a b s t r a c t  ones,  

w i l l  be a b s o l u t e l y  needed. But man is  more than a 

mach ine ,  and human b e h a v i o u r  must be p r o t e c t e d  from 

t o t a l l y  submerg ing i n  a f o r m a l i z e d  u n i v e r s e .  A l s o ,  

s o c i e t y  i s  more than  a machine wh ich  runs p e r f e c t l y  

i f  s e r v i c e d  by keen s o c i a l  e n g i n e e r s .  There are 

f i e l d s  wh ich  must be kept  away from f o r m a l i z a t i o n  

and mechan ica l  d e r i v a t i o n s ,  and the a b s t r a c t  e n g i n e e r  

shou ld  warn c e r t a i n  o t h e r  p r o f e s s i o n s  not  to f a l l  

i n t o  a d m i r a t i o n  and s i m u l a t i o n  of  e n g i n e e r i n g ,  where 

o the r  p r i n c i p l e s  of  l i f e  and work shou ld  be pu rsued .  
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F o r m a l i z a t i o n  w i l l  have a feedback on the human mind 

which w i l l  d i spose  w i t h  the advance o f  fo rma l  methods 

o f  e x t r e m e l y  power fu l  a b s t r a c t  mechanisms, which w i l l  

make peop le  l i k e  the r u l e s  and hate the e x c e p t i o n s  - 

but  t h i s  would be the c o n t r a r y  to the human i za t i on  

o f  our w o r l d ,  where the e x c e p t i o n  is  more i m p o r t a n t  

than the r u l e .  L i k i n g  and u n d e r s t a n d i n g  the e x c e p t i o n  

w i l l  a lways remain the most human task f o r  the human 

be ing ,  and in a l l  our work in the f o r m a l i z a t i o n  o f  

i n f o r m a t i o n  p rocess ing  we should  never f o r g e t  t h i s  

s ide  o f  our  human e x i s t e n c e .  


