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Abs t rac t
The  APE (Au tomat ic  Programming  Exper t )  sys tem cons t ruc t s
execu tab le  and  e f f i c ien t  p rOgrams  f r om .
I a lgeb ra i c  spec i f i ca t ions  o f  abs t rac t  da ta  t ypes ,  and
I abs t rac t  a lgo r i t hms  g i ven  as  cond i t i ona l  t e rm- rewr i t e - ru l e—

sys tems  w i t h  t e rms  bu i l t  up  f r om ope ra t i on  symbo l s  o f  t he
abs t rac t  da ta  t ypes  i nvo l ved .

The '  APE i s  an  expe r imen ta l  sys tem dev i sed  t o  deve lop  me thods
fo r  cod i f y i ng  a r a the r  b road  ex ten t  o f  programming  knowledge
r equ i red  t o  const ruc t  imp lemen ta t i ons  o f  da ta  t ypes  and
a lgo r i t hms .

For  da ta  t ype  spec i f i ca t ions ,  t he  APE admi ts  h idden  ope ra—
t i ons ,  cond i t i ona l  ax ioms ,  and  pa rame te r i zed  da ta  t ypes .  The
APE au toma t i ca l l y  imp lemen ts  a l geb ra i c  spec i f i ca t i ons  o f  a l l
common ly  known  da ta  t ypes  i n  t e rms  o f  c l us te r s  o f  INTERLISP-
func t ions .  The  APE const ruc ts  execu tab le  imp lemen ta t i ons  o f  a
va r i e t y  o f  so r t i ng  and  sea rch ing  a l go r i t hms .

As  an  expe r imen ta l  p ro to t ype ,  t he  APE demons t ra tes  t ha t . a
know ledge -based  p rog ramming  parad igm prov ides  a use fu l  t oo l
f o r  pa r t i a l l y  au toma t i ng  an  impo r tan t  phase  o f  so f twa re  deve l—
opmen t .  -

Keywords  and  Ph rases .  Abs t rac t  da ta  t ypes ,  au toma t i c  p rog ram-
ming ,  cod i f i ca t ion  o f  p rog ramming  know ledge ,  expe r t  sys tems ,
know ledge  rep resen ta t i on ,  p roduc t i on  sys tems .  ' '
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APE 1 .  I n t roduc t ion

1 .  I n t r oduc t i on
A s tanda rd  parad igm o f  sof tware  des ign  i s  t o  s ta r t  w i t h
abs t rac t  spec i f i ca t ions ,  and  t o  g radua l l y  expand ,  re f ine ,  and
t rans fo rm  them to  an  app rop r i a te  l eve l  t o  obta in  e f f i c ien t  im—
p lemen ta t i ons .  Th i s  approach  f ac to r s  sof tware  des ign  i n to  t he
cons t ruc t i ons  o f  abs t rac t  spec i f i ca t ions ,  and  t he  deve lopmen t
o f  mo re  conc re te  rep resen ta t i ons .  Such  a fac to r i za t ion  en ta i l s
a co r respond ing  s t r uc tu r i ng  o f  des ign ,  va l i da t i on ,  adap t i on ,
and  ma in tenance  o f  so f twa re  sys tems .

A lgeb ra i c  spec i f i ca t ions  [ADJ  76 ,  HR 80 ]  o f  abs t rac t  da ta
types  (ADTs )  a l l ow  t o  spec i fy  da ta  types  by  cha rac te r i z i ng  t he
behav io r  o f  da ta  ob jec ts  unde r  charac te r is t i c  opera t ions  wi th -
ou t  r eso r t i ng  t o  pa r t i cu l a r  representa t ions .  Hence ,  deve lop ing
a lgo r i t hms  a t  t he  l eve l  o f  man ipu la t i ng  ob jec ts  o f  a l geb ra i c -
a l l y  spec i f i ed  ADTs p rov ides  an  op t imum o f  f r eedom f rom spec i—
f i c  spec i f i ca t ions ,  f ac i l i t a t es  t he  man ipu la t i on  o f  a l go r i t hms
( p rog ram t rans format ions ) ,  and  a l l ows  p rov ing  p rope r t i es  o f
a lgo r i t hms  i ndependen t  o f  r ep resen ta t i on  de ta i l s .  The
rema in ing  t ask  cons is ts  i n  imp lemen t i ng  such  abs t rac t
a lgor i thms  i n  . t e rms  o f  app rop r i a te  r ep resen ta t i ons  suppo r ted
a t  t he  mach ine  l eve l .

Imp lemen t i ng  an  ADT—spec i f i ca t i on  requ i res
I t o  des ign  concre te  r ep resen ta t i ons  f o r  encod ing  abs t rac t

da ta  ob jec t s  i n  t hem.
I t o  des ign  a l go r i t hms  imp lement ing  abs t rac t  opera t ions  on

conc re te  rep resen ta t i ons .
Fo r  an  ADT—spec i f i ca t i on ,  ( 1 )  a concre te  representa t ion  and
(2 )  a l go r i t hms  imp lemen t i ng  a l l  abs t rac t  Ope ra t i ons  on  con -
c re te  rep resen ta t i ons  t oge the r  f o rm  a concre te  imp leuen ta t i on
o f  ADT-spec i f i ca t i ons .  To  be  run  on  compu te rs ,  concre te
r ep resen ta t i ons  mus t  be  exp ressed  i n  t e rms  o f  an  execu tab le
p rog ramming  l anguage .  Hence ,  concre te  r ep resen ta t i ons  mus t  be
des igned  i n  t e rms  o f  t he  da ta  s t r uc tu res  suppo r ted  by  t he  pro—
gramming  l anguage .

G iven  a p rog ramming  l anguage ,  deve lop ing  a conc re te  imp lemen-
ta t i on  f r om an  abs t rac t  a l go r i t hm usua l l y  cons i s t s  o f  a mu l t i—
tude  o f  on l y  pa r t i a l l y  i n t e r re l a ted  des ign  dec i s i ons  based  on
i ns igh t ,  exper ience ,  and  t r a i n i ng .  Many such  dec i s i ons  a re
i so la ted  i n  t ha t  t hey  a re  t aken  f r om d i f f e ren t  doma ins  o f
know ledge ,  i . e .  t he re  a re  no  we l l—s t ruc tu red  t rans format ion
a lgo r i t hms .

we ca l l  know ledge  con t r i bu t i ng  t o  deve lop  conc re te  imp lemen ta -
t i ons  f r om abs t rac t  a l go r i t hms  p rog ramming  know ledge .  The  na -
t u re  o f  p rog ramming  know ledge  sugges t s  t o  encode  i t  i n  t e rms
o f  p roduc t i on  sys tems  [DK  77 ] .  A p roduc t i on  ru l e  encodes  an
i so la ted  p i ece  o f  know ledge .  A p roduc t i on  sys tem cons i s t s  o f  a
p roduc t i on  base  con ta i n i ng  p roduc t i on  ru l es ,  and  a p roduc t i on
con t ro l  f o r  sequenc ing  t he  app l i ca t i on  o f  p roduc t i on  ru l es .
Sys tems  o f  product ion  sys tems  a re  an  app rop r i a te  t oo l  f o r  bo th
encod ing  and  u t i l i z i ng  Loose l y  i n t e r re l a ted  p i eces  o f
know ledge .
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APE 1 .  In t roduc t ion

Product ion  sys tems  a re  pa r t i cu l a r l y  wel l  su i t ed  fo r  be ing  de—
ve loped  expe r imen ta l l y :  Star t  w i th  an  i n i t i a l  se t  o f  p roduc -
t i ons ,  and  t ry  to  app ly  them to  t yp i ca l  examp les .  I f  the  in i -
t i a l  p roduc t i on  sys tem does  no t  work ,  ana l yze  what  goes  w rong ,
and  add  resp .  change  p roduc t i on  ru les ,  o r  ad jus t  the  produc—
t ion  cont ro l .  A resu l t ing  p roduc t ion  sys tem may the  in—
corpora te  a l l  domain -spec i f i c  knowledge  o f  those  who have  de—
ve loped  i t .

Among o ther  approaches  to  au tomat ic  p rogramming ,  two systems
have  been  deve loped  a long  a s im i la r  pa rad igm:
( 1 )  DAEDALUS [MM 79 ]  i s  a r u l e—based  sys tem fo r  de r i v i ng  pro -

“ grams f rom descr ip t ions  o f  inpu t /bu tpu t—re la t ions ,  g i v i ng
no  in fo rmat ions  about  a lgor i thms  to  be  employed .  The ma in
cont r ibu t ion  o f  DAEDALUS a re  fo rmat ion—ru les  fo r  con t ro l—
s t ruc tures  (cond i t iona l—‚  recurs ion—‚  p rocedure—
fo rmat ion ) ,  and  a genera l i za t ion  ruLe  ( fo r  re la ted
resu l ts ,  see  [B I  79 ] ) .

( 2 )  PECOS [BA 78a ‚b ] ‚  the  coding exper t  o f  the  PSI-system
[GR 76 ] ,  genera tes  L isp—programs f rom a lgor i thms  g iven  as
programs in  a h igh - leve l  l anguage  admi t t ing  some
reasonab ly  "abs t rac t "  da ta  s t ruc tures  (such  as  se ts ) .  I n
the  PS I—system,  PECOS is  meant  to  be  suppor ted  by  an
e f f i c iency  exper t  [KA 79 ]  embody ing  knowledge  about  the
e f f i c iency  o f  va r ious  r ep resen ta t i ons  of  da ta  s t ruc tures .

The  p rob lem of  gene ra t i ng  concre te  code  f rom a lgeb ra i c  ADT-
spec i f i ca t ions  and  abs t rac t  a lgo r i t hms  has  no t  been  a t tacked
before .  Compared w i th  what_ is  ach ieved  by  PECOS, th is  i s  a
much more  cha l l eng ing  task  as  we s ta r t  f rom the  most abs t rac t
leve l  ( ax iomat i za t ions )  o f  spec i f y i ng  data  t ypes .

He present  the  APE sys tem (Automat ic  Programming Exper t )  wh ich
cons is ts  o f  two  subsys tems:
I ADTCOMP codes  a lgebra ic  spec i f i ca t ions  o f  abs t rac t  da ta

t ypes  as  executab le  INTERLISP—programs.
I ALGCOMP cons t ruc ts  execu tab le  INTERLISP—programs f rom

abst rac t  a lgor i thms  g iven  in  te rms  o f  cond i t i ona l  t e rm-
rewr i te  ru les  w i th  te rms  made up f rom opera t ion  symbols  o f
abs t rac t  da ta  types  be ing  imp lemented  by  ADTCOMP.

Sec t ion  2 surveys  the  s t ruc ture  o f  the  APE. The  spec i f i ca t ion
language  fo r  abs t rac t  da ta  types  and  abs t rac t  a lgor i thms  is
ou t l ined  in  Sec t ion  3 .  The  way the  APE works  i s  exp la i ned  i n
Sec t ions  4 and  5 ,  i l l u s t r a ted  by  de ta i l ed  wa lks  th rough  the
imp lemen ta t i on  of  an  abs t rac t  da ta  t ype  spec i f i ca t i on  and an
abs t rac t  p rogram.  The  accompl ishments  o f  the  sys tem in  i t s
present  s ta te  o f  deve lopment  a re  summar i zed  in  Sec t ion  6 .

Fur ther  de ta i l s  on  the  ADTCOMP subsys tem are  g iven  in
[EKRT 80a ‚80b ] .  The APE is  implemented in  INTERLISP and is
fu l l y  ope ra t i ona l .  The  sys tem wi th  de ta i l ed  documenta t ion  ( in
German) i s  ava i l ab le  f rom the  th i rd  au thor .
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APE 2 .  System St ruc ture

2 .  Sys tem S t ruc tu re

The  s t r uc tu re  o f  t he  APE i s  summar i zed  i n  t he  f o l l ow ing
i l l u s t r a t i on :

Spec i f i ca t ions  o f  Spec i f i ca t ions  o f  USER
Abs t rac t  Da ta  Types  Abs t rac t  A lgo r i t hms  INPUT

V V

ADTCOMP ALGCOMP

V V

Clus te r  o f
INTERL ISP—Func t i ons  SYSTEM

INTERL ISP—Func t i ons  OUTPUT

I n  bo th  ADTCOMP and ALGCOMP, p rog ramming  know ledge  i s  cod i f i ed
i n  t e rms  o f  p roduc t i on  ru l es .  Bo th  subsys tems  con ta i n  ru le
man ipu la t ion  packages  p rov id i ng  an  ex tens i ve  i n te r f ace  f o r  i n -
t e rac t i ve  expe r imen ts  and  modi f i ca t ions  o f  t he  p roduc t i on
bases .  As has  been  expe r i enced  i n  t he  deve lopmen t  o f  o the r  ex -
pe r t  s ys tems ,  know ledge  acqu i s i t i on  i s  t he  mos t  se r i ous  p ro -
b l em.  As  we do  no t  see  a f eas ib l e  way o f  acqu i r i ng  programming
know ledge  au toma t i ca l l y ,  an  ex tens i ve  d i a l ogue  and  ed i t i ng
suppo r t  t u rned  ou t  t o  be  o f  c ruc ia l  impo r tance  i n  t he  evo lu -
t i on  o f  ou r  sys tem.

A p roduc t i on  sys tem cons i s t s  o f
I a product ion  base  con ta in i ng  product ion  r u l es
I a product ion  cont ro l  gu id i ng  t he  se lec t i on  o f  p roduc t i on

r u l es .
I a data  base  t o  which  p roduc t i on  ru l es  a re  app l i ed .

Produc t i on  ru l es  ope ra te  on  a da ta  base .  A p roduc t i on  ru l e  i s
o f  t he  f o rm  < tes t>  —> <ac t i on> .
< tes t>  i s  eva lua ted  t o  a p red i ca te  wh i ch  i s  sa t is f i ed  o r  no t
by  t he  da ta  base .  I f  t he  < tes t>  i s  sa t i s f i ed  by  t he  da ta  base ,
t he  ru l e  i s  app l i ed  by  execu t i ng  (ac t i on )  on  t he  da ta  base .
The  e r?  c t  o f  ( ac t i on  > i s  t o  posS ib l y  a l t e r  t he  da ta  base .  I n
many p roduc t i on  sys tems  , p roduc t i on  ru l es  may a l so  change  t he
p roduc t i on  base  (e .g .  by  add ing /de le t i ng  p roduc t i on  ru l es ) ,  o r
t he  p roduc t i on  con t ro l .  I n  APE,  howeve r ,  p roduc t i on  ru l es  on l y
a f fec t  t he  da ta  base .

The  p roduc t i on  con t ro l  se l ec t s  p roduc t i on  ru l es  t o  be  checked
fo r  app l i cab i l i t y  and  subsequen t  app l i ca t i on .  I n  t he  s imp les t
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f o rm  o f  a p roduc t i on  sys tem,  t he  p roduc t i on  base  i s  j us t  a
l i s t  o f  product ion  r u l es .  and  t he  product ion  con t ro l  moves
t h rough  t he  l i s t  f r om one  ru l e  t o  t he  nex t .  I n i t i a l l y ,  ou r
p roduc t i on  con t ro l  used  agendas .  An  agenda  i s  a con t ro l  p ro—
gram fo r  sequenc ing  t he  o rde r  o f  cons ide r i ng  p roduc t i on  ru l es ,
e .g .  a r egu la r  exp ress ion  o f  names o f  p roduc t i on  ru l es  and  i n -
t e rmed ia te  t es t s  f o r  branch ing .  I n  t he  evo lu t i on  o f  ou r  sys—
tem,  howeve r ,  mo re  and  more  " con t ro l  know ledge "  i n  agendas  was
t r ans fe r red  t o  t he  organ iza t ion  o f  p roduc t i on  bases ,  and  ou r
present  sys tem does  no t  use  agendas  a t  a l l  any  more .

3 ,89ec i f i ca t i on  Language

Spec i f i ca t ions  t o  t he  APE cons is ts  o f
I a lgebra ic  spec i f i ca t ions  o f  a l l  data  types  i n vo l ved ,  and
I a se t  o f  p roduc t i on  sys tems  each  o f  which  spec i f y  an

abs t rac t  a lgor i thm .
The  product ion  r u l es  o f  an  abs t rac t  a lgo r i t hm cons is t  o f  t e rms
and  asser t ions  bu i l t  f r om ope ra t i on  symbo l s  and  sor ted
va r i ab les  o f  t he  a l geb ra i c  data  t ype  spec i f i ca t ion  toge ther
wi th  opera t ion  symbo l s  deno t i ng  t he  a l go r i t hm and  aux i l i a r y
a lgo r i t hms  be ing  spec i f i ed .

3 .1 .  A lgeb ra i c  Da ta  Typggäpec i f i cg t i ong

Abs t rac t  da ta  t ype  spec i f i ca t ions  a re  based  on  t he  a lgebra ic
spec i f i ca t ion  t echn ique  w i t h  i n i t i a l  a lgebra  seman t i cs  as
p ioneered  by  t he  ADJ—group [ADJ  76 ] .  I n  i t s  s imp les t  f o rm ,  an
a lgeb ra i c  spec i f i ca t ion  cons i s t s  o f  a s igna ture  (S , ! )  and  a
se t  E o f  equat ions  . A s igna tu re  ( 8 ,2 )  es tab l i shes  a syntax
f o r  deno t i ng  ob jec ts  o f  t he  data  t ype ,  and  cons is ts  o f

I a se t  8 o f  sor ts  . Sor t s  a re  names  f o r  se t s  o f  ob jec ts
be long ing  t o  t he  da ta  t ype .
Example :  8 = { o l i s t , i n t , a tom}  i s  a se t  o f  t h ree  so r t s  f o r

t he  open  l i s t  abs t rac t i on .  o l i s t  i s  a name fo r
t he  se t  o f  a l l  open  l i s t s  cons is t ing  o f  a toms ,
and  i n t ,  a tom a re  names  f o r  t he  se t s  o f  a l l
na tu ra l  numbers  resp .  a toms .

I a se t  I o f  ope ra t i on  symbo l :  . Tak ing  each  so r t  ses  t o  be
a name o f  a se t  0 .5  o f  data  ob jec ts ,  an  ope ra t i on  symbo l
i n  Z i s  t he  name o f  a f unc t i on  among appropr ia te  se ts  o f
da ta  ob jec t s .  To  spec i f y  doma in  and  range  f o r  each  opera—
t i on  symbol  f ez ,  an  ar i ty  i s  asc r i bed  t o  f :
a r i t y l f )  = ( 51  . . .  s „ , s )  f o r  so r t s  s „ . . . , s „ , ses  i f f  f
denotes  a f unc t i on  f .D :  0 .51  x . . .  x 0 .5  —> 0 .5  . Th i s  i s
w r i t t en  as  f : ( 51  . . .  s „ , s ) .  A nu l l a r y  ope ra t i on  symbo l
c : (A , s )  deno tes  a va lue  i n  D .s .
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Example :  2 = { add :  (o l i s t  na t  a tom,o l i s t ) ,
remove:  (o l i s t  na t ,  o l i s t ) ,
read :  (o l i s t  na t , a tom) ,
cons t r :  (o l i s t  a tom,o l i s t ) ,
EMPTY: o l i s t ,
UNDEF: o l i s t , a tom }

i s  a se t  o f  opera t ion  symbo l s  fo r  the  Open l i s t  data
abs t rac t ion .

G iven  a s igna tu re  ( 8 ,2 ) ,  we requ i re  tha t  fo r  each  sor t  ses
there  i s  an  i n f i n i t e  se t  x .s  o f  va r iab le  symbo l s  s . t .  fo r  d i f—
feren t  sor ts  s1 and  52 in  S ,  x .s1  and  x .s2  a re  d i s j o i n t .  From
opera t ion  and  var iab le  symbo l s  we can  cons t ruc t  ( 5 ,2 ) - t e rns  by
obse rv i ng  ar i t i es :

The  se t  T .2  o f  a l l  (S ,2 ) - t e rms  is  de f ined  to  be  the  l eas t
family T .2  = (T.2s|s€S) s . t .

( 1 )  Vses .  x .s  U 2 .s  c T .25
(2s  s tands  fo r  cons tan ts  o f  sor t  s ) .

( 2 )  VneNAT. Vs l ‚ . . . , s„€s .  t eT .2s l , . . . , t „eT .25„  .
Vf : (s ‚  . . .  s„ ,s )€2 .  f ( t 1 , . . . , t „ )€T .2s  .

An (s ‚ t ) - equa t lon  p=q  is  a pa i r  o f  (S ,2 )—terms  o f  same sor t .
A cond i t iona l  (S ,2 )—equat ion

q = i f  p = p '  then  r1  e lse  r2  f i
cons is ts  o f  a cond i t ion  p = p '  and  a l te rna t ives  r ,  and  r ,  s . t .
p ,p '  and  q ,  r1 , r2  a re  te rms  o f  same sor ts ,  r espec t i ve l y .

Example :  E = { add (empty ,N ,X )  = i f  N=1
then  cons t r (EMPTY,X )
e lse  UNDEF f i  , »

add(cons t r (L ,X ) ,N ,Y )  = i f  N=1
then  cons t r (cons t r (L ,X ) ,Y )
e lse  cons t r (add (L ,N—1,X ) ,Y )  f i  ,

remove(EMPTY,X )  = UNDEF,
remove(cons t r (L ,X ) ,N )  = i f  N=1

then  L
e lse  cons t r ( remove(L ,N—1) ,X )  f i  ,

read (EMPTY,X )  = UNDEF ,
r ead (cons t r (L ,X ) ,N )  = i f  N=1

then  x
e lse  read (L ‚N—1)  f i  }

i s  a se t  o f  ( 8 ,2 )eequa t ions  fo r  the  open  l i s t  da ta
abs t rac t ion .

Th is  spec i f i ca t ion  i s  an  example  o f  a spec i f i ca t ion  conta in ing
a h idden  opera t ion  cons t r  wh ich  i s  no t  access ib le  to  a user ,
bu t  se rves  de f i n i t i ona l  purposes  ( es tab l i sh i ng  a congruence )
on ly .

A da ta  t ype  spec i f i ca t ion  as  an  input  to  the  APE cons is ts  o f
the  th ree  se ts  8 ,2  and  E of  sor ts ,  Opera t ions  (w i th  a r i t i es ) ,
and  equa t ions ,  w i th  an  ind ica t ion  wh ich  opera t ions  a re  h idden .
Such a spec i f i ca t i on  i s  g iven  3 name,  e .g .  OLIST  fo r  our  above
example .  Then ,  the  command ( IMPLEMENT 'OL IST )  causes  the  APE
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to  const ruc t  a bund le  o f  L ISP—func t i ons  imp lemen t i ng  t he
a lgeb ra i c  data  t ype  spec i f i ca t ion  (see  Sec t . 4 ) .
A pa rame te r i zed  da ta  t ype  spec i f i ca t i on  PSPEC i s  a pa i r
PSPEC = (SPECO,SPEC1) s . t .  PSPEC t rans fo rms  any  SPECO-a lgeb ra
A t o  a SPEC1—a lgeb ra  con ta i n i ng  A as  a suba lgeb ra  ( see  e .g .
[ADJ  80 ] ) .  I n  f ac t ,  mos t  da ta  t ypes  a re  pa rame te r i zed .  The
command (PARAMETERIZE 'OL IST  'SPEC)  causes  t he  APE to  con—
s t ruc t  a L ISP- imp lemen ta t i on  o f  t he  open  l i s t  abs t rac t i on  s . t .
t he  a toms s to red  i n  an  open  l i s t  a re  L ISP—imp lemen ta t i ons
be long ing  t o  t he  da ta  t ype  spec i f i ed  by  SPEC.

3 .2 .  Spec i f i ca t i on  o f  Abs t rac t  A ldo r i t hmg

Abs t rac t  a l go r i t hms  a re  spec i f i ed  i n  t e rms  o f  t he  f o l l ow ing
syn tax :

<heade r><p rod—sys tem><commen t>
abs t rac t  a lgor i thm
< fcn—name>< fo rma l—params-dc l>
{ r e l a t i ons  < re la t i on>  }
{ p recond i t i ons  ( asser t ion )  }
{ ex te rna l  ( f en -name)  }
prodsys tem
< fcn—name>< fo rma l—params—l i s t )  =

se t—o f—<produc t i on—ru le>
<asse r t i on>  —> < te rm>
( some  exp lana to r y  t ex t )

<abs t rac t—a lgo r i t hm>
<heade r>

(p rod -sys tem)

<p roduc t i on—ru le>  : :
<commen t>  -

<heade r>  i n t r oduces
I t he  name o f  t he  a l go r i t hm (a  f unc t i on  name)—
I dec la ra t i ons  f o r  f o rma l  pa rame te rs  cons i s t i ng  o f  a so r t

name ,  an  i den t i f i e r ,  and  an  op t i ona l  i n i t i a l  va l ue .  Fo rma l
pa rame te rs  a re  par t i t ioned  i n t o
— use r  access ib l e  pa rame te r  pos i t i ons  (mus t  be  supp l i ed  w i t h

ac tua l  pa rame te rs )
— i n t e rna l  pa rame te r  pos i t i ons  ( f o r  i n t e rna l  r ecu rs i ve

ca l l s )  wh i ch  mus t  no t  be  supp l i ed  w i t h  ac tua l  pa rame te rs
i n  a use r  ca l l  ( i n t e rna l  i n i t i a l i za t i on )

I p recond i t i ons  on  ac tua l  paramete rs  ( f o r .  use r  access ib l e
pa rame te r  pos i t i ons  on l y )

I r e fe rences  t o  t he  ex te rna l  a l go r i t hms  i nvoked  i n  t h i s
a lgo r i t hm.

A ( p rod—sv  t em}  i s  a p roduc t i on  sys tem cons i s t i ng  o f  a se t  o f
p roduc tec ‚  r u l es ,  i . e .  t es t / ac t i on -pa i r s  whe re  t es t s  a re
boo lean  t e rms ,  and  ac t i ons  a re  t e rms  s . t .  a l l  t e rms  a re  con -
s t ruc ted  f r om fo rma l  pa rame te rs  and  ope ra t i on / f unc t i on  symbo l s
o f  any  o f  t he  abs t rac t  da ta  t ypes  i nvo l ved ,  t he  name o f  t he
abs t rac t  a l go r i t hm  (a  recu rs i ve  app l i ca t i on )  and  names  o f  ex—
te rna l  a l go r i t hms .

3OHAR81 7



.APE  „„ .  . , Lr„ . ,  3 .8pec i f i ca t i on jggnguage

E x a 1 .61" : -  „ €.") .-

W“?
- .abstréLt'algbfiéfli'éüBäLE=90nT,

' pa réhe té fs ' "  “i T'user ‘OPENLISTEINTJ oL: .‚„ . . ‚ i

>: L ‘ ' ‘ , interna1 INT INDEX := :1 ,  “““ Lfé r

BOOL BUBBLE? '= FALSE* ? 

exforna l  ' - CHANGE; tiff";

p rodsys ton  BUBBLE- SORT (OL ,  INDEX,  BUBBLE?) =
(1)  { read (OL, INDEX+1) # UNDEF and „

read  (OL ,  INDEX)  $ read  (OL ,  INDEX+1)  " ’ ”” f f  \ 3 ‘?

———> BUBBLE SORT (OL ,  INDEX+1 ,  BUBBLE?) ,
(2 )  read  (OL ,  INDEX+1)  # UNDEF and  ' ' ‘ 3“  ”

read  (OL ,  INDEX) > read  (OL ,  IN DEX+1) " ’W?
-—> BUBBLE-  SORT(CHANGE(OL, INDEX,  INDEX+1) ,  INDEX,  TRUE) ,

(3 )  read  (OL ,  INDEX+1)  = UNDEF and  BUBBLE? = TR'UE ' '
'„===> BUBBLE SORT(OL, 1 ,  FALSE), . ,

( 4 )  read  ( 0L, INDEX +1) = UNDEF and  BUBBLE? = FALS'E
———> OL } '

comment BUBBLE--SORT(OL)  r ep laces  the  open  l i s t  bound  Lo  OL
wi th  i t s  sor ted  ve r " s i on ! !

T

'1
\

BUBBLE= SORT i n vokes  the  aux i l i a r y  a l go r i t hm CHANGE-“which i s
spec i f i ed  as f o l l ows  ~'~*? * ;

abs t rac t  a lgor i thm CHANGE; ' ' ' „

paramete rs  user  OPENLIST  OL ,
INTEGER INDEX1 ,
INTEGER INDEXZ;

precond i t ions  read (OL , INDEx1)  # UNOEF,
- read (OL , INDEX2)  * UNDEF;

prodsys tem CHANGE (0L , INDEX1 , INDEXZ)  =
( 1 )  { INDEX1  $ INDEXZ « ‘ .  ‘

add(OL ,  INDEX1 ,  read (OL ,  INDEX2) )  In———9 le t  OL =
l e t  OL = add(0L ,  INDEX2+1 ,  read (0L ,  INDEX1+1) )  in
l e t  OL = remove(OL ,  INDEX1+1)  in
le t  OL = remove iOL ,  INDEX2+1)  in  OL;

(2 )  INDF”  INDEXZ
===> £HANGE(OL,INDEX2,INDEX1) }

don-ent CHANGE(OL,INDEX1,INDEX2) exchanges the INDEX1st and
INDEXa  e lemen t  of  the  open  l i s t  bound  to  OL! !
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APE 4 .Au toma t i c  Coding  o f  ADT Spec i f i ca t ions

4 .  Automat iq_gpd inq  o f  A lgeb ra i c  Data  Type  Spec i f i ca t ion ;

4 .1 .  Sys tem St ruc ture

Upon  encoun te r i ng  an  abs t rac t  data  type  spec i f i ca t ion
( poss ib l y  pa rame te r i zed ) ,  APE wo rks  t h rough  seven  phases  t ha t
success i ve l y  cons t ruc t  a L ISP—imp lemen ta t i on  O f  t he  da ta  t ype .
Except  f o r  t he  I n i t i a l i za t i on— and  L ISP—phase ,  each  phase  i n—
co rpo ra tes  spec i f i c  p rog ramming  know ledge  and  re f i nes  t he  in—
t e rmed ia te  cons t ruc t i ons  obta ined  f r om the  p rev ious  phase .

These  seven  phases  a re :

(1 )  I n i t i a l i za t i on  (1 - )  Phase .  The  I—phase  conve r t s  t he  i npu t
spec i f i ca t ion  i n t o  a L ISP- representa t ion .

( 2 )  Func t i ona l i t y  (—>- )  Phase .  The  —>—phase cons iders  t he
s igna ture  o f  t he  i npu t  spec i f i ca t ion  on l y .  Conc lus i ons
f rom the  ope ra t i ons '  f unc t i ona l i t i e s  a re  d rawn ,  and  t he
s t ruc tu re  o f  L ISP—func t i ons  imp lemen t i ng  t hese  ope ra t i ons
i s  es tab l i shed .

(3 )  Axiom (=—) Phase .  The  =—phase cons iders  t he  ax ioms  o f  t he
i npu t  spec i f i ca t ion  on l y ,  and  make  i n fe rences  f r om
obse rva t i ons  on  t he  ax ioms .
Af te r  t he  =—phase ,  t he  i npu t  spec i f i ca t ion  i s  no  l onge r
cons ide red .

( 4 )  Rep resen ta t i on  (R - )  Phase .  The  R -phase  combines  con -
c lus i ons  o f  t he  p rev ious  phases  t o  de te rm ine  t he  da ta
s t ruc tu re  i n  . wh i ch  ob jec t s  o f  t he  da ta  t ype  a re
rep resen ted .

(S )  Comp i l e  (C—) Phase .  Us ing  a l l  i n f o rma t i on  ob ta i ned  so
f a r ,  t he  C—phase  cons t ruc t s  ac tua l  L ISP-code  t o  make
opt imiza t ions  and  imp rovemen ts .

( 6 )  C leanup  Phase .  The  C leanup—phase  re f i nes  and /o r  r ea r ranges
t he  L ISP—code  ob ta i ned  f r om the  C—phase t o  make op t im i za—
t i ons  and  improvements .

( 7 )  LISP Phase .  The L ISP-phase  const ruc ts  t he  f i na l  L ISP-code .
As  L ISP  does  no t  suppo r t  a modu le—cons t ruc t  such  as
SIMULA—c lass  o r  ALPHARD—fo rm,  a co r respond ing  mechan i sm i s
bu i l t  up  i n  t he  L ISP—phase .  '

Phases  (Z ) - (6 ) ,  wh i ch  ac tua l l y  app l y  p rog ramming  know ledge ,
a re  p roduc t i on  sys tems .  App l i ca t i on  o f  p roduc t i on  ru l es  i s
con t ro l l ed  by  me ta—ru les  and  a t t en t i on  f ocuss ing .  These
mechanisms and  pa t t e rn  ma tch ing  a re  no t  d i scussed  i n  t h i s
pape r .

4 .2 .  A Walk t h rough  t he  Au toma t i c  Imp lemen ta t i on  o f  an
Abs t rac t  Da ta  Type  Spec i f i ca t ion

To  exp la i n  how the  APE wo rks  ou t  an  imp lemen ta t i on ,  we p resen t
a wa l k  t h rough  t he  imp lemen ta t i on  o f  t he  a l geb ra i c  Spec i f i ca -
t i on  o f  t he  da ta  t ype  OL IST  (open  l i s t )  as  g i ven  i n  sec t i on
3 .1 .  F i r s t ,  we show wha t  t he  APE i s  do ing  i n  r esponse  t o  t he
command  ( IMPLEMENT 'OL IST ) ,  and  t hen  we  b r i e f l y  exp la i n  how
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t he  da ta  t ype  open  l i s t  i s  imp lemen ted  as  a pa rame i~c i zed  data
type .

I n i t i a l i zg t i on  (1-) Phase .  The  i npu t  spec i f i ca t~ga  i s  con—
ve r ted  i n to  an  i n te rna l  L ISP—rep resen ta t i on ,  ano  ?he  L ISP—
a toms  D‚X ‚N ‚ADD‚REMOVE‚READ‚  and  CONSTR a re  $$$ ;  sa ted  wi th
the  f o l l ow ing  p rope r t i es :

D NAME OL IST  {B  i s  t he  i n te rna l  da te  * vpe  name
bound  t o  t he  ex te rna l  ha .e  OLIST}

ATOM PARAMTYPE T {ATOM and  NAT a re  pa reu :  e r  t ypes }
NAT PARAMTYPE T

x SORT ATOM {X  and  N a re  i den t i f i e r :  o f  so r t
N SORT NAT ATOM r esp .  NAT}

ADD OP ( IMPLEM) {ADD‚REMOVE‚ and  READ o r '  access—
REMOVE OP ( IMPLEM)  i b l e  Ope ra t i ons  t o  be  i n , ! emen ted ,

READ OP ( IMPLEM) and  CONSTR i s  a h i dden  ; . o ra t i on
CONSTR OP (H IDDEN)  wh ich  needs  no t  be  imp l : ‚ en ted }

Func t i ona l i t y  (—>—) Phase .  ->—ru les  check  f unc t i o r - i i t i e s  o f
ope ra t i ons  t o  make  use fu l  obse rva t i ons .  I n  ou r  ex :  a l e ,  r u l es
->01 ‚—>02A‚—>03 ‚  and  — > 0 8  app l y :

—>O1. i f  *OP1 maps a D-ob jec t  and  poss ib l y  a
*Y -ob jec t  t o  a Dwob jec t
and  *Y  i s  no t  D

t hen  *OP1 i s  a s i ng l y  con t i nuab le  opera t iC '

->01 :Resu l t .  ADD CONTINUABLE (S INGLE)
REMOVE CONTINUABLE (S INGLE)
CONSTR CONTINUABLE (S INGLE)

Note .  Ma tch  va r i ab les  beg in  w i t h  an  as te r i s k .
An Ope ra t i on  op  i s  n—fo ld ‘ con t i nuab le  i f f  oo  const ruc ts
f r om n D—ob jec t s  ano the r  D—ob jec t .

->02A. i f  *OP1 maps D—objects and possibly othr
a rgumen ts  t o  a pa rame te r  so r t  *S

t hen  *OP1  reads  con ten t s  ou t  o f  D -ob jec to „

->02A :Resu l t .  READ READS
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->03 .  i f  *OP1 works  on  D—ob jec t s  us i ng
ano the r  paramete r  o f  so r t  *S#D

then  *8  i s  a so r t  o f  t he  e l emen ts  o f  wh i ch
se rve  as  se lec t i on  cr i te r i a  .

->O3:Resu l t .  ADD SELECT—CRIT (NAT)
REMOVE SELECT-GRIT (NAT)

READ SELECT-GRIT (NAT)
D SELECT-CRIT (NAT)

Note .  I f  by  r u l e  —>03 a se lec t i on  cr i te r ion  i s  app l i ed  t o
D-ob jec ts ,  ~>03  no t  on l y  ascr ibes  th is  in fo rmat ion  as  a
p rope r t y  t o  t he  re l evan t  ope ra t i ons ,  bu t  t o  D ,  too .  Th i s
i s  because  t he  occu r rence  o f  a se lec t i on  cr i te r ion
heav i l y  i n f l uences  t he  cho ice  o f  t he  representa t ion  o f
D—ob jec t s  i n  t he  R—phase .

Ru le  ->08  es tab l i shes  t he  s t r uc tu re  o f  t he  L ISP- func t ions  tha t
wi l l  be  re f i ned  t o  imp lemen t  t he  opera t ions ,  and  resu l t s  i n :

—>08 :Resu l t .  ADD FUNCT ((LAMBDA (D N X)  FORM D) )
REMOVE FUNCT ((LAMBDA (D  N)  FORM D) )

READ FUNCT ((LAMBDA (D N)  FORM ) )

Axiom (= - )  Phase.  = - ru l es  ana l yse  t he  ax ioms  o f  a spec i—
f i ca ton .
The  f i r s t  r u l e  de tec t s  t he  e l emen ta ry  const ruc t ion  opera to r
and  de te rm ines  wh i ch  Ope ra t i ons  ex t rac t  cons t i t uen t s  f rom
t e rms  bu i l t  up  by  t he  e l emen ta ry_cons t ruc t i on  Ope ra to r .

=01 .  i f  *0P1  i s  a r ead  ope ra t i on  ex t rac t i ng
e lemen ta ry  i n f o rma t i on  f r om a t e rm  cons t ruc ted
w i t h  ope ra t i on  *OPZ

t hen  *OPZ wr i t es  e l emen ta ry  ob jec t s  i n t o  ob jec t s
*0P1  r eads  f r om wh i ch  i s  no ted  by  b i nd ing
*OPZ t o  *E .

_=O1:Result. READ READS (IF(EQ N 1) ) .
CONSTR WRITES (ELEM)

*E DENOTES (CONSTR)

=03  detec ts  a l l  e r ro r  except ions  and  resu l t s  i n :

AL

=03 :Resu l t .  ADD UNDEF ( IF (EQ D DO) and  (NEG A 1 ) )
REMOVE UNDEF ( IF (EQ 0 DO) )

READ UNDEF ( IF (EQ D DO) )

. =O4  de tec t s  Ope ra t i ons  wh i ch  wo rk  recu rs i ve l y  t h rough  t he
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s t ruc ture  o f  data  ob jec ts .

=04 .  i f  t he  e l emen ta ry  cons t ruc t i on  ope ra t i on  i s
s i ng l y  con t i nuab le ,
and  *0P1  moves  i ns i de  *E—te rms ,
and  *0P1  i s  no t  an  e l emen ta ry  i ns t r uc t i on  ope ra—

t ion
then  *0P1  works  recu rs i ve l y  t h rough  D -ob jec t s

=04 :Resu l t .  ADD WORKSRECTHRU ( IF (NEQ N 1 ) )
REMOVE NORKSRECTHRU ( IF (NEQ N 1 ) )

READ WORKSRECTHRU ( IF (NEQ N 1 ) )

Ru le  =06  obse rves  which  ope ra t i ons  w r i t e  and  remove  e lemen ts
f r om D—ob jec t s ,  and  resu l t s  i n :

=06 :Resu l t .  ADD NRITES ( IF  (EQ N 1 ) )
REMOVE DELETES ( IF  (EQ N 1 ) )

Ru le  =10  detec ts  se lec t i on  c r i t e r i a  and  obse rves  how  ope ra—
t ions  use  se lec t i on  c r i t e r i a .

=10 :Resu l t .  N SELECTCRIT (COUNTER)
ADD COUNTS ( IF  (NEQ A 1 ) )

Repcggen ta t i on  (R - )  Phase .  The re  i s  a wea l t h  o f  conc lus i ons
wh i ch  can  be  ob ta i ned  f r om the  resu l t s  o f  t he  p rev ious  phase .
F i r s t ,  r u l e  R01 dec ides  t o  imp lemen t  da ta  t ypes  i n  t e rms  o f
l i s t s  i f  t he i r  e l emen ts  a re  cons t ruc ted  by  a s i ng l y  con t i nu—
ab le  cons t ruc t i on  ope ra t i on :

R01 :Resu l t .  D L IST

For  ope ra t i ons  wo rk i ng  recu rs i ve l y  t h rough  da ta  ob jec t s  and
s imu l t aneous l y  keep ing  coun ts ,  r u l e  R06  es tab l i shes  t ha t  t he i r
ac t i on  a f fec ts  t he  NEWEST e lemen t  wh i ch  had  been  added  by  t he
e lemen ta ry  cons t ruc t i on  opera t ion .

R06 .  i f  *OP WORKSRECTHRU IF  *CONDIT ION
and  *OP COUNTS I F  *CONDIT ION

then  *OP COUNTS NEWEST I F  *CONDIT ION

R06 :Resu l t .  REMOVE COUNTS (NEWEST I F  (NEQ N 1 ) )
ADD COUNTS (NEWEST I F  (NEQ N 1 ) )

READ COUNTS (NEWEST I F  (NEQ N 1 ) )
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A l though  R01  has  dec ided  t ha t  open  l i s t s  shou ld  be  imp lemen ted
as  l i s t s ,  i t  i s  s t i l l  open  wha t  pa r t i cu l a r  k i nd  o f  l i s t  s t r uc -
t u re  ( such  as  s i ng l y  o r  doub l y  l i n ked  l i s t s )  shou ld  be
se lec ted .  Fo r  examp le ,  t he  doub l y  l i n ked  l i s t  s t r uc tu re  i s
chosen  when  read ing  i s  done  a t  one  "end "  o f  da ta  ob jec t s ,  and
a coun t i ng  ope ra t i on  recu rs i ve l y  wo rks  t h rough  t he  l i s t  f r om
the  o the r  end .  To  p repa re  t h i s  dec i s i on ,  we have  t o  f i nd  ou t
whe the r  Ope ra t i ons  wo rk  a t  t he  f r on t  r sp .  backend .

R118 .  i f  D i s  t o  be  imp lemen ted  as  a l i s t  bu t
no  d i r ec t i on  has  been  es tab l i shed  ye t ,
and  *OP i s  an  ope ra t i on  t o  be  imp lemen ted ,
and  *OP COUNTS the  NEWEST ( r esp .  OLDEST)

e lemen t  o f  D—ob jec t s
( poss ib l y  unde r  *CONDIT ION)

then  *OP COUNTS a t  t he  FRONT end  o f  D -ob jec t s ,
and  l i s t s  r ep resen t i ng  D-ob jec ts

a re  d i r ec ted  now .

R11BzResu l t .  D DIRECTED
READ COUNTS (FRONT I F  (NEQ N 1 ) )

Ru le  R138  es tab l i shes  t he  pos i t i on  a t  which  t he  e l emen ta ry
const ruc t ion  opera t ion  bound  t o  *E  i nse r t s  new  e lemen ts ,  and
R1SB works  s imu la r l y  f o r  coun t i ng  Ope ra t i ons :

R13B:Resu l t .  CONSTR NRITES (FRONT)
R1SB:Resu l t .  REMOVE COUNTS (FRONT IF  (NEQ N 1 ) )

ADD COUNTS (FRONT IF  (NEG N 1 ) )

We have  now  co l l ec ted  a l l  i n f o rma t i on  wh i ch  makes  t he  nex t
r u l e  choose  t he  s i ng l y  L inked  l i s t  s t r uc tu re  t o  r ep resen t
D-ob jec t s :

R21 .  i f  D-ob jec ts  a re  rep resen ted  as  l i s t s
and  t he re  i s  no  ope ra t i on  t o  be  imp lemen ted

wh i ch  de le tes  o r  coun ts  a t  t he  back  end
o f  l i s t s

t hen  D—ob jec t s  a re  rep resen ted  as  s i ng l y  l i n ked  l i s t s .

R212Resu l t .  D L IST  (SL )

F ina l l y ,  R29 es tab l i shes  t he  L ISP—rep resen ta t i on  o f  t he  bas ic
D-ob jec t  DO ( t he  emp ty  open  l i s t ) :

R292Resu l t .  DO FUNCT (NLAMBDA (FRONT)
(SETQ FRONT (CONS))
(RPLACA FRONT FRONT))
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Comp i l e  (C - )  Phase .  c—ru les  wo rk  on  t he  FUNCT-proper ty  o f
ope ra t i on  names  which  i s  a pa t t e rn  o f  t he  L ISP- func t i on  t o  im—
p lemen t  t he  respec t i ve  ope ra t i on .  A l l  s t r i ngs  i n  such  a FUNCT—
pa t te rn  t ha t  a re  no t  L ISP—atoms  a re  rega rded  as  keywords  t o  be
expanded  t o  L IScode ‘by  C - ru l es .  C—ru les  wo rk  f r om f r on t  t o
back  ends  o f  FUNCT-pa t t e rns .  A C—ru le  i nspec t s  t he  nex t
keyword  a f t e r  t he  cu r ren t  pos i t i on .  The  * * *—s ign  i nd ica tes  t he
cu r ren t  pos i t i on  po in te r .  We demons t ra te  t he  Comp i l e—phase  by
show ing  how  the  ope ra t i on  ADD i s  imp lemen ted .
Note  t ha t  t he  Func t i ona l i t y  Phase  has  a l r eady  es tab l i shed  t he
FUNCT—pa t te rn  (LAMBDA (D  N X) FORM 0 ) f o r  ADD, and  t he
cu r ren t  pos i t i on  po in te r  i s  now  i n i t i a l i zed  t o  s tand  im -
med ia te l y  beh ind  t he  f o rma l  LAMBDA—parame te rs .

C02 .  i f  0 i s  a l i s t  and  *OP  does
*ACT ION€{READS ‚DELETES ‚NRITES}  a t  t he
*POSIT ION€{FRONT ‚BACK}end ,
and  *OP does  no t  *ACT ION *PLACE,

o r  *OP  ACTION I F  *CONDIT ION1 ,
o r  *OP  DELETES IF  *CONDIT IONZ,
o r  *OP  WORKSRECTHRU IF  *CONDIT IONS,
o r  *OP  COUNTS FRONT IF  *CONDIT ION4

{ t he re  a re  more  cond i t i ons  on  l og i ca l
connec t i ons  be tween  *CONDIT IONS}

t hen  i n  t he  FUNCT—pa t te rn  o f  *OP ,
FORM i s  r ep laced  w i t h
(COND UNDETERMINED ( *CONDIT ION1  *ACT ION FRONT)

(CONDIT IONZ DELETES FRONT)
(T  (APPLY*  *OP  FRONT PARAMS) ) )

C02 :Resu l t .  ADD FUNCT((LAMBDA (D  N X) * * *
(COND UNDETERMINED

( (EQ N 1 )URITES FRONT)
(T  (APPLY*  ADD FRONT PARAMS) ) )D ) )

Seven teen  app l i ca t i ons  o f  C—ru les  y i e l d  t he  f i na l  r esu l t  o f
t he  Comp i l e -Phase  f o r  ADD:

ADD FUNCT <LAMBDA(D N X)
(COND((AND (NOT (CDR D) ) (NOT (EQ N 1 ) ) )

(RETURN (QUOTE UNDEF) ) )
( (NOT (CDR D) )

(REPLACE (CDR D)(CONS X (CDR D) ) )
(AND (EQ (CAR URD) D)

(RPLACA URD (CDR D) ) )  0 )
( (EQ N 1 )

(REPLACE (CDR D)(CONS X (CDR D) ) )
(AND (EQ (CAR URD) D)

(RPLACA URD (CDR D) ) )  D )
(T  (APPLY*  ADD (CDR D)  N X ) ) )  D )

C leanup  (CLEAN- )  Phase .  The  C leanup  Phase  aga in  wo rks  t h rough
t he  FUNCT—prope r t y  o f  ope ra t i on  names ,  and  makes  op t im i za t i ons
and  f i na l  expanS ions .  I n  ou r  examp le ,  t he  f o l l ow ing  ru l es
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app l y  fo r  ADD:

CLEANOZ. Rep lace  occur rences  match ing
(REPLACE(CDR *EXPR) )  w i t h  (RPLACD *EXPR)

CLEANO7. i f  *OP COUNTS accdg . t o  se lec t i on
c r i t e r i on  *SCRIT ,
and  the  FUNCT—prope r t y  of  *OP conta ins

a sub—exp ress ion  ma tch ing
(APPLY* *OP . . .  *SCRIT  . . .  )

then  *SCRIT  i s  r ep laced  w i t h  (SUB1  *SCRIT )

CLEAN02 ,07 :Resu l t .
ADD FUNCT ( (LAMBDA (D  N X )

(COND( (AND(NOT(CDR D) ) (NOT( (EQ N 1 ) ) )
(RETURN 'UNDEF) )

( (NOT(CDR D) ) (RPLACD D(CONS x (CDR D) ) )
(AND(EQ(CAR URD)D) (RPLACA URD(CDR D) ) )D )
( (EQ N 1 ) (RPLACD D(CONS X (CDR D)) )
(AND(EQ(CAR URD)D) (RPLACA URD(CDR D) ) )D )
(T (APPLY*  ADD(CDR D) (SUB1  N)X) ) )D ) )

L ISP-Phase .  S imu la t i ng  a cons t ruc t  fo r  ope ra t i on -c l us te r s  i n
L ISP ,  the  L ISP-Phase  gene ra tes  the  f o l l ow ing  L ISP-code :

(OPENLIST
(NLAMBDA (OP . DLISTE)

(SETQ ARGUMENTE (CDR DL ISTE) )
(SETQ DATSTRUK (CAR DL ISTE) )
(SETQ DL ISTE  (APPEND ( L IST  (EVAL (CAR DL ISTE) ) )

(CDR DL ISTE) ) )
(PROG ( (URD (CAR DL ISTE) ) )

(COND
((ASSOC OP OPENLIST)

N IL )
(T  (PR INTL  ” * * *ERRORz“  OP “ IS  NO“

(QUOTE OPENLIST) “OPERATION! ' )
(TERPRI )
(RETURN) ) )

(RETURN (EVALA (QUOTE (APPLY (EVAL OP)
DL ISTE) )

0PENLIST>>
(RPAQQ OPENLIST ( (DO NLAMBDA (OBEN)

(SETQ OBEN (CONS))
(RPLACA OBEN OBEN))

(READ LAMBDA (D A)
(COND

( (NOT (CDR D) )
(RETURN (QUOTE UNDEF) ) )

( (EQ A 1 )
(CAR (CDR O) ) )

(T  (APPLY* READ (CDR D)
(SUB1 A)
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(REMOVE LAMBDA (D A)
<coND

((NOT (CDR D))
(RETURN (QUOTE UNDEF)))

((EQ A 1)
(AND (EQ (CAR URD)

(CDR D))
(RPLACA URD D))

(RPLACD D (CDR (CDR D>
(T (APPLY* REMOVE (CDR D)

(SUB1 A>
D)

(ADD LAMDDA (D A-X)
(como

((AND (NOT (CDR D))
(NOT (EQ A 1 ) ) )

(RETURN (QUOTE UNDEF)))
((NOT (CDR D))

(RPLACD D (cons x (CDR D)))
(AND (EQ (CAR URD)

D)
(RPLACA URD (CDR D)))

D)
((EQ A 1)

(RPLACD D (cons x (con D)))
(AND (EQ (CAR URD)

D)
(RPLACA URD (CDR D)))

D)
(T (APPLY* ADD (con D)

(sue1 A)
X)))

D)))
(PUTPROPS OPENLIST STRUCTURE OPENLIST PARAMETER N IL )

THE FOLLOWING RULES HAVE BEEN APPLIED:
*Z>01  —%>02A —%>03 —%>O7A -%>08
=01  =03  =04  ==06A =068  =06C =10
3138  &158  &21 829  &32
102  108  1088  133  110  115  106  I 23  I 13  136
802  BO?
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S.  The  Au toma t i c  Imp lemen ta t i on  o f  Abst rac t  A lqo r i t hms

The  second  subsys tem o f  t he  APE i s  ca l l ed  ALGCOMP, and  con—
st ruc t s  L ISP- imp lemen ta t i ons  o f  abs t rac t  a l go r i t hms  g i ven  i n
te rms  o f  a syn tax  as  ou t l i ned  i n  sec t i on  3 .2 .  Jus t  l i ke
ADTCOMP, ALGCOMP i s  an  expe r t  sys tem w i t h  p rog ramming
know ledge  be ing  cod i f i ed  i n  t e rms  o f  p roduc t i on  sys tems .  I n
th i s  sec t i on ,  we g i ve  an  ove rv i ew  o f  t he  s t r uc tu re  o f  t he  sys -
t em,  and  t hen  exp la i n  how ALGCOMP works  by  g i v i ng  a de ta i l ed
wa lk  t h rough  t he  imp lemen ta t i on  o f  t he  se lec t i on  so r t
a lgo r i t hm.  No te  t ha t  abs t rac t  a l go r i t hms  a re  p roduc t i on  sys—
tems  us ing  t e rms  cons t ruc ted  f r om ope ra t i on  symbo l s  o f
abs t rac t  da ta  types .  Imp lemen ta t i ons  gene ra ted  by  ALGCOMP a re
based  on  imp lemen ta t i ons  o f  a l l  abs t rac t  da ta  t ypes  i nvo l ved ,
as  p roduced  by  ADTCOMP.

5 .1 .  Sys tem S t ruc tu re

An  abs t rac t  a l go r i t hm i npu t  i s  p rocessed  by  ALGCOMP i n  t h ree
phases :

INPUT—Phase :  The  abs t rac t  a l go r i t hm i s  pa rsed  and
t r ans la ted  i n to  an  i n te rna l  f o rm .  A use r
i s  suppo r ted  i n  debugg ing  syn tax  e r ro r s .

IMPLEMENTATION—Phagg: Th i s  phase  cons t ruc t s  a LISP—LAMBDA—form
imp lemen t i ng  t he  abs t rac t  a l go r i t hm.

L ISP-Phase :  The  ou tpu t  o f  t he  p rev ious  phase  i s  ex—
t ended  by  an  i n te r f ace  acco rd ing  t o  t he
da ta  g i ven  i n  t he  <heade r>—sec t i on  o f
t he  abs t rac t  a l go r i t hm spec i f i ca t i on .
The  resu l t  i s  a de f i n i t i on  o f  a L ISP—
f unc t i on  wh i ch  can  be  i nvoked  by  sup—
p l y i ng  da ta  t o  t he  use r  access ib l e  pa ra -
me te r  pos i t i ons .

On l y  t he  IMPLEMENTATION—Phase  i nco rpo ra tes  Spec ia l i zed  p ro—
g ramming  know ledge  i n  t e rms  o f  p roduc t i on  sys tems .  Th i s  phase
p roceeds  i n  s i x  success i ve  s teps :

STEP—1: The  t es t—exp ress ions  cons t i t u t e  t he  l e f t—hand -s i des  o f
t he  p roduc t i ons  o f  t he  abs t rac t  a lgo r i t hm.  Each  t es t—
exp ress ion  i s  decomposed  t o  a d i s j unc t i on  o r  con junc—
t ion  o f  l i t e ra l s ,  i . e .  a tom ic  t es t s .

STEP—2:  Each  l i t e ra l  i s  conve r ted  t o  a L ISP—fo rm.
STEP—3:  The  ou t comes  o f  STEP-1  and  STEP-2  a re  comb ined  t o  p ro—

duce  L ISP—fo rms  f o r  a l l  l e f t—hand -s i des .

The  rema in ing  STEP—4 to  STEP-6  app l y  t o  t he  r i gh t -hand -s i des
( ac t i ons )  o f  t he  p roduc t i on  ru l es .

STEP-4 :  Gene ra l  obse rva t i ons  abou t  t he  s t r uc tu re  o f  r i gh t—
hand -s i des  a re  made .  Pa r t i cu l a r l y ,  a l l  copy ing
dec i s i ons  a re  made .  Th i s  i s  necessa ry  because  argu—
men ts  i n  d i f f e ren t  pa rame te r  pos i t i ons  a re  i ndependen t
o f  each  o the r  i n  t he  abs t rac t  spec i f i ca t i on .  Fo r  exam—
p le ,  i f  POP ls )  and  5 (w i t h  s deno t i ng  a s t ack )  occu r
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i n  d i f fe ren t  parameter  pos i t ions ,  app l y i ng  t he  opera—
t ion  POP to  5 has  no  i n f l uence  on  t he  s tack  s a t  t he
o the r  pa rame te r  pos i t i on .  I f ,  howeve r ,  5 i s  imp le—
men ted  as  a spec i f i c  s t ack  ob jec t ,  POPp ing  t h i s  ob jec t
may  resu l t  i n  ehcoun te r i ng  t he  POPped  s tack  ob jec t ,
when  com ing  ac ross  t he  ob jec t  imp lemen ted  f o r  5 a t  t he
second  pa rame te r  pös i t i on .  One  poss ib i l i t y  t o  avo id
such  unwanted  s i de—ef fec t s  cons is ts  i n  ma in ta i n i ng
d i f f e ren t  cap ies  o f  da ta  ob jec t s  a t  d i f f e ren t  pos i—
t i ons .  To  avo id  unnecessa ry  c0p ies ,  t he  necess i t y  f o r
mak ing  cop ies ,  r esp .  wo rk i ng  w i t h  r e fe rences  w i t hou t
copy ing  i s  es tab l i shed  i n  STEP-4 .

STEP-5 :  Recu rs i ve  ca l l s  t o  t he  a l go r i t hm a re  p rocessed .  I n
pa r t i cu l a r ,  t h i s  i nvo l ves  subs t i t u t i ons  and  mak ing
cop ies  as  es tab l i shed  i n  STEP-4 .

STEP-6 :  The  resu l t s  o f  a l l  p rev ious  s teps  a re  assemb led  t o
cons t ruc t  a LAMBDA—form imp lemen t i ng  t he  a l go r i t hm.

5 .2 .  A Walk  t h rough  t he  Au toma t i c  Imp lemen ta t i on  o f  t he
Se lec t i on—Sor t  A lqo r i t hm

We cons ide r  t he  f o l l ow ing  i npu t  spec i f i ca t ion  o f  t he
Se lec t i on -So r t  a l go r i t hm :

abs t rac t  a lgor i thm SELECTION-SORT;
paramete rs  use r  OPENL ISTE INT ]  0L ;

i n te rna l  OPENL ISTE INT ]  0L1  :=
( IN IT  0L1 OPENLISTEINTJ),
OPENLISTE INT ]  0L2  :=
( IN IT  0L2  OPENL ISTE INTJ ) ;

ex te rna l  MAXL IST ,  APPEND;
p rodsys ten  SELECTION—SORT(OL ,0L1 ,0L2 )  =
( 1 )  { r ead (0L ,1 )  = UNDEF ———> 0L2 ;
( 2 )  r ead (0L ,1 )  * MAXLIST(0L )

~m~9 SELECTION—SORT( remove (0L ,1 ) ,
add (0L1 ,1 , read (OL ,1 ) ) ,OLZ) ;

( 3 )  r ead (0L ,1 )  = MAXLIST lOL )
—*—> SELECTION—SORT(APPEND(OL1 , remove (0L ,1 ) ) ,

EMPTYwOBJECT,
add (0L2 ,1 , read (0L ,1 ) ) )  }

commen t  SELECTION-SORT ob ta i ns  t he  max imum o f
OL ,  adds  t h i s  va lue  t o  0L2  and  removes
i t  f r om OL .  Then ,  SELECTION—SORT i s
recu rs i vo l y  app l i ed  t o  OL  un t i l  OL  i s  emp ty .
CL:  t hen  con ta i ns  t he  resu l t i ng  so r t ed  l i s t ! !

Om i t t i ng  t he  conve rs i on  o f  t he  abs t rac t  a l go r i t hm to  an  i n te r -
na l  r ep resen ta t i on  i n  t he  INPUT-phase ,  we desc r i be  how  the
IMPLEMENTATION-phase gene ra tes  a ‘  LAMBDA—form imp lemen t i ng
SELECTION-SORT.

STEP—1.  Th i s  s tep  app l i es  t o  l e f t - hand—s ides  ( l hs )  o f  p roduc -
t i ons  on l y .  The re  i s  on l y  one  app l i cab le  r u l e  wh i ch  obse rves
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t ha t  a l l  l e f t—hand -s i des  a re  l i t e ra l  boo lean  exp ress ions .  I t
i s  a l so  no ted  t ha t  t he  l hs  o f  r u l e  ( 2 )  con ta i ns  a # - re l a t i on .

STEP—2.  F i r s t ,  each  [ hs—exp ress ion  i s  decomposed  and  sea rched
fo r  app l i ca t i ons  o f  ex te rna l  a l go r i t hms :

82—1. i f  l h s  matches  < *REL , *LEFT , *R IGHT> ,
and  *LEFT  i nvokes  t he  ago r i t hm

be ing  imp lemen ted ,
and  *R IGHT i nvokes  an  ex te rna l  a l go r i t hm

t hen
L PREDICATE

( (REL  *REL) (LEFT  *LEFT) (R IGHT *R IGHT)

SZ-1 :Resu l t .  L2  PREDICATE ( (REL  # )
(LEFT  read (0L ‚1 ) )
(R IGHT MAXLIST(0L ) ) )

A second  r u l e  82—9 de te rmines  t ha t  # i s  imp lemen ted  as  NEG in
L ISP ,  y i e l d i ng

SZ-9 :Resu l t .  LZ  PREDICATE (FORM.(NEQ read (0L ‚1 )
MAXLIST(0L ) ) )

Nota t i on .  L i  r esp .  R i  deno te  t he  l e f t— resp .  r i gh t—hand -s i de
o f  r u l e  i .

STEP-3 .  (No  s i gn i f i cance  i n  t h i s  examp le ) .

The  subsequen t  s t eps  app l y  t o  t he  rhs  o f  t he  p roduc t i ons  o f
t he  a l go r i t hm on l y .

STEP-4 .
I n  i t s  s imp les t  fo rm,  a rhs  i s  j us t  an  a tom.  Th i s  i s  de tec ted
by  ru l e  4—2:

84—2.  i f  r hs  ma tches  <*ATOM>
and  *ATOM i s  a f o rma l  pa rame te r

t hen  i nvoka t i on  o f  t he  a l go r i t hm eva lua tes  t o  *ATOM.

S4 -2 :Resu l t .  R1 FORM (0L2 )
R1 EVALUATES (PARAMETER)

Ru le  34 -1  obse rves  t ha t  ( 2 )  and  (3 )  conta in  recurs ive  ca l l s  t o
t he  a l go r i t hm:
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34 -1 .  i f  r hs  matches <*ALGNAME(. . . )>
then  r hs  con ta i ns  a r ecu rs i ve  ca l l  t o  t he  a l go r i t hm.

S4 -1 :Resu l t .  R2 EVALUATES (RECURSIVELY)
R3 EVALUATES (RECURSIVELY)

ALGCOMP a t t emp ts  t o  conve r t  r ecu rs i ve  t o  i t e ra t i ve  s t ruc tures .
When  mode l l i ng  a r ecu rs i ve  ca l l  by  an  i t e ra t ion ,  va lues  co r—
respond ing  t o  paramete rs  be ing  passed  i n  a ca l l  have  t o  be
de te rm ined .  Ve ry  o f t en ,  da ta  ob jec t s  r ep resen t i ng  such  va lues
need  t o  be  cop ied  t o  p reven t  unwan ted  s i de—ef fec t s .  I n  ou r
examp le ,  i n  ( 2 )  and  (3 )  a copy  o f  OL  mus t  be  supp l i ed  as  an
a rgumen t  o f  t he  ope ra t i on  read ,  as  t he  remove  ope ra t i on
changes  OL .

34—51 .  i f  a subexp ress ion  o f  r hs  ma tches
<*PARAM . . .  (*PARAM . . .  >
and  *PARAM i s  a f o rma l  pa rame te r

t hen  rep lace  t he  second  occu r rence  o f  *PARAM
wi th  a copy .

S4-51 :Resu l t .  R2 COPIES (OL )
R3 COPIES (OL)

F ina l l y ,  r u l e  84—9 p repa res  a rgumen ts  o f  r ecu rs i ve  ca l l s  f o r
STEP-5 :

S4—9:Resu l t .  R2  AR61  (EXPR. ( remove (0L ,1 ) )
R2  ARGZ (EXPR. (add  (0L1 ,1 , read (OL ,1 ) ) ) )
R3  ARES (EXPR. (OL2 ) )
R2 ARGLIST (ARG1 ARGZ ARG3)

STEP—5. Ne  now cons ide r  t he  a rgumen ts  o f  r ecu rs i ve  ca l l s .  Ru le
85 -1  app l i es  t o  t he  s imp les t  case  tha t  such  an  a rgumen t  i s  an
a tom,  and  t h i s  i s  t r ue  f o r  ARGS. The  ac t i on  o f  r u l e  85 -1  con—
s is t s  i n  a t t ack ing  t he  f o rm  (SETQ *FP  *ATOM) t o  t he  co r -
respond ing  a rgumen t ,  whe re  *FP  ma tches  t he  app rop r i a te  f o rma l
pa rame te r ,  and  *ATOM t he  a rgumen t  i t se l f .

85—1:Resu l t .  R2 AR63 (EXPR. (SETQ 0L2  0L2 ) )

Howeve r , i n  ou r  case  85—1 resu l t s  i n  a dummy ass ignmen t ,  and
the re  i s  a r u l e  35—2 de le t i ng  such  ass ignmen ts :
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85 -2 :Resu l t .  R2  AR63  (FORM. )

Ru le  SS—1 'a l so  app l i es  i f  t he  spec i f i ca t ion  requ i res  ass ign ing
t he  emp ty  ob jec t  o f  t he  co r respond ing  data  s t ruc ture .  Then ,
ru l e  85—9 obta ins  t he  emp ty  da ta  ob jec t  o f  t he  data  s t ruc ture ,
i . e .  (OPENLIST DO) i n  ou r  examp le :

SS-1 :Resu l t .  R3 ARGZ (EXPR. (SETQ 0L1  EMPTY-OBJECT))
SS-9 :Resu l t .  R3 ARGZ (FORM.(SETQ 0L1 (0PENLIST[ INT]  DO)) )

Produc t i ons  (2 )  and  (3 )  con ta i n  r ecu rs i ve  ca l l s  t o  SELECTION-
SORT wh ich  wou ld  genera te  p rocedu re  i ns tances  i f  t he  a l go r i t hm
were  imp lemen ted  as *a  recu rs i ve  procedure .  Th is  i s  detec ted  by
ru le  85 -31  and  resu l t s  i n

SS—31 :Resu l t .  R2 ARG1 (EXPR. (SETQ OL remove (0L ‚1 ) ) )
R3 ARG3 (EXPR.

(SETQ 0L2  add (0L2 ‚1 ‚ r ead (x3 ‚1 ) ) ) )

However ,  t he  recu rs i ve  ca l l s  change  OL resp .  0L2  so  t ha t  no
ass ignment  i s  necessary  . 85 -8  removes  t he  ass ignmen t  in—
t roduced  by  85 -31 :

SS-8 :Resu l t .  R2 ARG1 (FORM. remove (OL ‚1 ) )
R3 ARG1 (FORM.add (OL2 ‚1 ‚ r ead (X3 ‚1 ) ) )

Cons ider ing  t he  o the r  arguments ,  r u l es  85 -31  and  85—8 a l so
app l y  t o  ARGZ o f  R2 :

85 -31 .  i f  ca l l  co r responds  t o  a recurs ive  ins tan t ia t ion
and  rhs  has  p rope r t y  COPIES  w i th  va lue  *P

then  rep lace  *P  w i t h  X2 .

SS-31 :Resu l t .  R2 ARGZ
(EXPR. (SETQ 0L1  add (0L1 ,1 ‚ r ead (X2 ‚1 ) ) ) )

SS-SzResu l t .  R2  ARGZ (FORM.add (0L1 ‚1 ‚ r ead (X2 ‚1 ) ) )

Ca l l s  t o  ex te rna l  a l go r i t hms  a re  rewr i t t en  by  ru l e  85 -4 :

' SS -4 :Resu l t .  R3 ARG1
(EXPR;(SETQ OL (APPEND OL1 remove t0L1 ‚1 ) ) ) )
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STEP*6 .  The  r i gh t—hand—s ides  a re  now assemb led  acco rd ing  t o
the  resu l t  o f  STEPS—4,5.  For  ( 1 ) ,  STEP—4 has  obse rved  t ha t  R1
i s  j us t  an  a tom , so  R1  i s  kep t  unchanged :

36 -2 :Resu l t .  R1 F INAL  (0L2 )

Fo r  R2 ,  and  R3 ,  f o rms  f o r  eva lua t i ng  t he  a rgumen ts  have  been
gene ra ted  a l r eady .  I n  add i t i on ,  t he  dec i ss i ons  abou t  copy ing
a rgumen ts  need  t o  be  imp lemen ted  now ,  and  recu rs i ve  ca l l s  t o
t he  a l go r i t hm a re  coded  by  ru l e  86—1:

Sb—1:Resu l t .
R2  F INAL  ( (COPY OL  X2 ) ( remove (0L ,1 ) )

( add (0L1 ,1 , read (X2 ,1 ) ) )
(SELECTION—SORT OL  0L1  0L2 ) )

R3 F INAL  ( (COPY OL  X3 ) (SETQ (APPEND 0L1  remove (0L ‚1 ) ) )
(SETQ 0L1  (OPENL ISTE INTJ  DO) )
(add (0L2 ,1 , read (x3 ,1 ) ) )
(SELECTION—SORT 0L  0L1  0L2 ) )

F ina l l y ,  l e f t—and—r igh t—hand—s ides  a re  comp i l ed  t o  an  LAMBDA-
f o rm :  _

L ISP-Phase .  The  L ISPwPhase  es tab l i shes  an  i n te r f ace  f o r
ca l l i ng  t he  imp lemen ta t i on  o f  t he  a l go r i t hm,  f o l l ow ing  da ta
and  requ i remen ts  g i ven  i n  t he  <heade r>—sec t i on .  I n  pa r t i cu l a r ,
t he  imp lemen ta t i on  success i ve l y  c l ea rs  L ISP-s tacks  s . t .  ga rb -
age  cop ies  o f  pa rame te rs  a re  de le ted .  The  resu l t  i s  t ha t  a t
r un - t ime  t he  f unc t i on  s tack  o f  t he  L ISP—sys tem conta ins  a top—
leve l  ca l l  t o  t he  a l go r i t hm imp lemen ta t i on ,  t oge the r  w i t h  j us t
one  copy  o f  t he  COND—form i ndependen t  o f  t he  ex ten t  o f  t he
f i l e  t o  be  so r t ed  and  t he  co r respond ing  number  o f  r ecu rs i ve
ca l l s .

No ta t i on :  Fo r  r easons  o f  eas ie r  i n t e rna l  use  ca l l s  t o  da te
t ype  ope ra to r s  a re  conve r ted  i n to  a L ISP-execu tab le  f o rm ,  e .g .
r ead (OL ,1 )  i s  conve r ted  t o  (OL  READ 1 ) .

Resu l t  o f  t he  L ISP—Phase :

(SELECTION-SORT
(LAMBDA (ÜL  0L1  0L2 )

’QONL
„(EQ (QUOTE 0PENL IST [ INT ] )

(GETP OL (QUOTE PARAMETER)))
(COND

((GETD (QUOTE APPEND))
(COND

( (GETD (QUOTE MAXL IST) )
(COND

((GETD (QUOTE COPY))
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( IN IT  0L1  OPENLISTEINTJ)
( IN IT  0L2  OPENLISTCINTJ)
(RPLACA (QUOTE SELECTION-SORT)

(DSUBST OL (QUOTE OL)
(SUBST (QUOTE (RETEVAL

(STKPOS (QUOTE SELECTION-SORT) ~1 )
(QUOTE (SELECTION-SORT NIL )

(QUOTE (SELECTION-SORT OL OL1 OL2 ) )
(GETP (QUOTE SELECTION—SORT)

(QUOTE ALGORITHM)
(APPLY SELECTION—SORT NIL ) )

(T  (PR INT  " * * *ERROR** *  AUXIL IARY FCN” (QUOTE COPY)
"UNDEFINED" ) ) )

(T  (PR INT  “ * * *ERROR** *  EXTERNAL" (QUOTE MAXLIST)
"UNDEFINED" ) ) )

(T  (PR INT  " * * *ERROR** *  EXTERNAL" (QUOTE APPEND)
"UNDEFINED" ) ) ) )

(T  (PR INT  " * * *ERROR** * "  OL "NOT OF TYPE OPENL IST [ INT ] ” )
N IL>>

esu l t  o f  automgi ic  cod inq :

(LANBDA N IL
(COND

( (EQ (OL READ 1 )
(QUOTE UNDEF))

OL2)
( (NEQ (OL READ 1 )

(MAXLIST OL) )
(COPY OL X2)
(OL REMOVE 1 )
(0L1  ADD 1 (X2  READ 1 ) )  _
(SELECTION-SORT OL OL1 OL2 ) )

( (EQ (OL READ 1 )
(MAXLIST DL ) )

(COPY OL X3)
(SETQ OL (APPEND OL1 (OL REMOVE 1 ) ) )
(SETQ OL1 (OPENL ISTE INTJ  DO) )
(0L2  ADD 1 (X3  READ 1 ) )
(SELECTION-SORT OL OL1 OL2 ) )

(T  (ERROR 1D)

THE FOLLOWING RULES HAVE BEEN APPLIED:
(81 -1  32 -1  82 -9  83 -1  34 -1  84 -2  54 -51  84 -52  84 -9  85 -1  85 -31
85 -4  35 -8  85 -9  86 -1  86 *2 )
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6 .  Accomp l i shmen t ;  '
I n  i t s  p resen t  s t a te  o f  deve l0pmen t ,  t he  programming  exper t i se
i n co rpo ra ted  i n  t he  APE enab les  t he  sys tem to  au toma t i ca l l y
imp lemen t  a l a rge  amoun t  O f  a l geb ra i c  da ta  t ype  Spec i f i ca—
t ions ,  and  some o f  t he  s tanda rd  a l go r i t hms  i n  so r t i ng  and
sea rch ing .

Da ta  t ypes .  THE ADTCOMP-subsys tem au toma t i ca l l y  imp lemen ts  a l l
a l geb ra i c  spec i f i ca t i ons  we cdu ld  ge t  ho ld  o f  f r om the  l i t e ra—
t u re ,  and  many  more  i n  add i t i on .
Th i s  i nc l udes

I open  and  bounded  l i s t s ,  queues ,  and  s tacks ;
' sequen t i a l  f i l e  s t ruc tures ;
I a r rays  and  reco rds  o f  f i xed  ' and  va r i ab le  l eng th  resp .

number  o f  f i e l ds ;
I t r ee  s t r uc tu res .

I n  ou r  expe r imen ts ,  ADTCOMP has  success fu l l y  imp lemen ted  76
a lgeb ra i c  spec i f i ca t i ons  o f  abs t rac t  da ta  types .  As
i l l u s t r a ted  i n  t he  open  l i s t  examp le ,  ADTCOMP admi ts  h idden
opera t ions  , cond i t iona l  ax ioms  , and  pa rame te r i zed  da ta
t ypes .  Howeve r ,  t he re  a re  two  res t r i c t i ons :
I ADTCOMP r equ i res  t ha t  a l l  ob jec t s  o f  a data  t ype  t o  be  im -

p lemen ted  a re  i nduc t i ve l y  cons t ruc ted  f r om e lemen ta ry
ob jec ts .  For  examp le ,  ADTCOMP canno t  imp lemen t  t he  r i ng
abs t rac t i on .

I For  pa rame te r i zed  da ta  t ypes ,  ADTCOMP does  no t  check
r equ i remen ts  imposed  on  ac tua l  pa rame te r  t ypes
( see  [EH 81 ] .  [HR 81 ] ) .

A ldo r i t hms .  So  f a r  t he  ALGCOMP—subsystem has  success fu l l y  im—
p lemen ted  t he  f o l l ow ing  so r t i ng  and  sea rch ing  a l go r i t hms
(see  [KN  73 ] ) :

I s t ra i gh t—se lec t i on  so r t ;
s t ra i gh t—inse r t i on  so r t ;
bubb le  so r t ;
me rge  so r t ;
qu i ck  so r t ;  A
F ibonacc ian  sea rch ;
b i na ry  sea rch ;

I sequen t i a l  sea rch .
ALGCOMP i s  a l so  success fu l  i n  imp lemen t i ng  some numer i ca l
a l go r i t hms  such  as  t he  g rea tes t—common-d i v i so r ,  l eas t - common-
mul t i p l e ,  and  f ac to r i a l  a l go r i t hm.

In  app l y i ng  t h i s  expe r t i se ,  t he  APE i s  capab le  o f  gene ra t i ng
sys tems  o f  p rog rams  wh i ch  a re  imp lemen ta t i ons  o f  abs t rac t
spec i f i ca t i ons .  . success fu l  examp le  i s  a managemen t  sys tem
f o r  p rocess ing  f i l e s  o f  pe rsone l  da ta .
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7 .  F i na l  Remarks  and  Conc lus ions .

7 .1  I n te rac t i ve  Sys tem Deve lopmen t  and  Theo ry  Fo rma t i on .  The
deve lopmen t  o f  t he  APE has  been  evo lu t i ona ry ,  d r i ven  by  con—
s ide r i ng  more  and  more  examp les ,  and  f eed ing  t he  programming
know ledge  necessa ry  t o  imp lemen t  t he  examp les  i n to  t he  p roduc—
t ion  bases .  To  suppo r t  cod i f y i ng  and  i nco rpo ra t i ng  p rog ramming
know ledge ,  APE has  an  ex tens i ve  i n te rac t i ve  use r  i n t e r f ace .
Th i s  i n t e r f ace  he lps  a use r  t o  f i nd  ou t  why APE fa i l ed ,  cod ing
new ru l es  and  expe r imen t i ng  w i t h  t hem,  and  f i na l l y  chang ing
me ta—ru les  and  t he  p roduc t i on  con t ro l  un i t  a f t e r  i nse r t i ng  new
ru les  i n to  t he  p roduc t i on  bases .  The  use r i n te r f ace  i s  ex t rem ly
impo r tan t  f o r  upgrad ing  t he  p roduc t i on  bases :  wheneve r  a new
po r t i on  o f  p rog ramming  know ledge  has  been  f ed  t o  APE,  i t  i s
usua l l y  i n  o rde r  t o  condense  ru l es  i n to  f ewe r  and  more  gene ra l
r u l es .  Ru le  condensa t ion  ac tua l l y  con t r i bu tes  t o  t he  f o rma t i on
o f  a t heo ry  o f  programming  , and  we  expec t  such  a t heo ry  t o
even tua l l y  evo l ve  f r om ou r  i nves t i ga t i on .

7 .2 .  Accomp l i shmen ts .  P rev ious  sys tems  s ta r t  a t  a much more
conc re te  l eve l  o f  da ta  s t r uc tu res  such  as  se t s ,  co l l ec t i ons ,
e tc . ,  and  imp lemen t  t hem a t  t he  somewhat  more  "concre te"  l e ve l
o f  l i s t s ,  a r rays ,  e t c .  APE gene ra tes  code  f r om rep resen ta t i on—
f r ee  ax ioma t i za t i ons  o f  a l l  s t r uc tu res  p rev ious  sys tems  cou ld
imp lemen t ,  and  i n  add i t i on  succeeded  f o r  abou t  70  o the r
ax ioma t i za t i ons .  APE gene ra tes  c l us te r s  o f  r ou t i nes  which  may
be  mu tua l l y  r ecu rs i ve .  P rev ious  sys tems  cou ld  no t  i n t r oduce
r ecu rs i ons .

7 .3 .  A Success fu l  Pa rgd iqm.  Cons ide r i ng  t he  amoun t  o f  wo rk
wh i ch  has  been  i nves ted  i n  i t s  deve lopmen t  so  f a r ,  t he  APE i s
s t i l l  i n  i t s  i n f ancy .  Demons t ra ted  accomp l i shmen ts  and  expe r i—
men ts  have  shown  tha t  w i t h  i nco rpo ra t i ng  add i t i ona l  p rog ram—
ming  know ledge ,  t he  APE w i l l  become  a power fu l  t oo l  i n
so f twa re  deve lopmen t .  G i ven  t he  l im i t ed  success  o f  t he  p rog ram
syn thes i s  pa rad igms  (e .g .  [B I  79 ] ,  [BS  77 ] ,  [mw 79 ] )  a f t e r  a
decade  o f  wo rk ,  we c l a im  tha t  t he  know ledge—based  p rog ramming
pa rad igm suppo r ted  by  t he  APE i s  t he  on l y  app roach  wh i ch  i s
l i ke l y  t o  p rov ide  t oo l s  f o r  subs tan t i a l l y  au toma t i ng  phases  o f
t he  i ndus t r i a l  so f twa re  deve lopmen t  cyc l e .  I n  f ac t ,  we  t h i nk
t ha t  p rog ram syn thes i s  and  know ledge—based  p rog ramming  Comp le—

men t  each  o the r :  P rog ram syn thes i s  ( as  i n  [ 81  79 ] ,  [wu  79 ] )
shou ld  p roduce  abs t rac t  a l go r i t hms  f r om non—a lgo r i t hm ic  spec i—
f i ca t i ons .  Then ,  a sys tem such  as  ou rs  b r i ngs  i n  t he  expe r t i se
t o  p roduce  e f f i c i en t  p rog rams .
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