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1 ,  In t roduc t ion  _
Knowledge -based  sys tems ,  and  exper t  sys tems  in  par t i cu la r ,

have  recen t ly  ga ined  s ign i f i can t  economic  and  sc ien t i f i c  impor t -
ance  because  o f

n a rap id ly  inc reas ing  demand  fo r  exper t  consu l tancy .
n t remendous  cos t  reduc t ions  fo l low ing  the  mechan iza t ion  o f

exper t i se  o therw ise  on ly  ava i l ab le  f rom h igh ly  t ra ined
spec ia l i s ts .

n accompl ishments  o f  advanced  exper t  sys tems .
Fur thermore ,  i t  becomes increas ing ly  apparent  tha t  knowledge-based
sys tems  cons t i tu te  an  evo lv ing  too l  fo r  mechan iz ing  f i e lds  in
sc ience  and  eng ineer ing  tha t  p r imar i l y  re ly  on  judgmenta l ,  exper i -
en ta l ,  and  heur is t i c  knowledge ,  and  have  so  fa r  been  repugnant
w i th  mechan iza t ion ,  ye t  exper ienced  s low growth  in  compar ison  w i th
o ther  f i e lds .

Th is  paper  i s  in tended  to  g ive  a b r ie f  and  in t roduc tury  survey
on  the  p resent  s ta te  o f  knowledge  eng ineer ing  and  fu tu re  t rends .
In  i t s  p resent  s ta te  o f  in fancy ,  knowledge  eng ineer ing  w i thho lds
tex tbook  expos i t ions .  The  f i e ld  cons is ts  o f  a g rowing  number o f
exper t  sys tems .  Apar t  f rom pa t te rn—di rec ted  representa t ion  and
search ,  the re  a re  hard ly  any  genera l  t echn iques  fo r  cons t ruc t ing
exper t  sys tems .  A thorough  presenta t ion  o f  the  f i e ld  wou ld  there -
fo re  requ i re  a de ta i l ed  and  compara t ive  ana lys is  o f  va r ious  exper t
sys tems .  As th is  i s  f a r  beyond  the  scope  o f  th is  paper ,  we mere ly
t ry  to  work  ou t  some bas ic  and  un i fy ing  i ssues :  Sec t ion  2 ana lyzes
ob jec t ives  fo r  deve lop ing  exper t  systems,  fo l lowed  by a sample o f
exper t  sys tems  in  Sec t ion  3 .  In  Sec t ion  4 ,  an  a t tempt  i s  made to
work  ou t  some bas ic  des ign  p r inc ip les  fo r  exper t  sys tems ,  as  we l l
as  c r i t e r i a  fo r  eva lua t ing  them.  Summar i z ing  conc lus ions  a re  com-
p i l ed  in  Sec t ion  5 .

Nota t ion .  XP s tands  fo r  (human)  exper t (s ) .
XPS s tands  fo r  exper t  sys tem(s ) .
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Knowledge—based sys tems ,  and  exper t  sys tems  in  par t i cu la r ,

have  recen t ly  ga ined  s ign i f i can t  economic  and  sc ien t i f i c  impor t -
ance  because  of

n a rap id l y  i nc reas ing  demand  fo r  exper t  consu l tancy .
n t remendous  cos t  reduc t ions  f o l l ow ing  the  mechan iza t ion  o f

exper t i se  o therw ise  on l y  ava i l ab le  f rom h igh l y  t ra ined
spec ia l i s t s .

n accomp l i shmen ts  of  advanced  exper t  sys tems .
Fur thermore ,  i t  becomes i n c reas ing l y  apparent  tha t  knowledge-based
sys tems  cons t i tu te  an  evo l v i ng  t oo l  fo r  mechan iz ing  f i e lds  in
sc ience  and  eng ineer ing  tha t  p r ima r i l y  re ly  on  judgmenta l ,  exper i -
en ta l ,  and  heur is t i c  knowledge ,  and  have  so  fa r  been  repugnant
w i th  mechan iza t ion ,  ye t  exper ienced  s low growth  in  compar i son  wi th
other  f i e lds .

Th is  paper  i s  in tended  to  g ive  a b r ie f  and  in t roduc tury  survey
on  the  p resent  s ta te  o f  knowledge  eng ineer ing  and  fu tu re  t rends .
In  i t s  p resent  s ta te  o f  in fancy ,  knowledge  eng ineer ing  w i thho lds
tex tbook  expos i t ions .  The f i e ld  cons is ts  o f  a growing number o f
exper t  sys tems .  Apar t  f rom pa t te rn -d i rec ted  representa t ion  and
search ,  the re  a re  hard ly  any  genera l  t echn iques  fo r  cons t ruc t ing
exper t  sys tems .  A thorough  presenta t ion  o f  the  f i e ld  wou ld  there -
fo re  requ i re  a de ta i l ed  and  compara t ive  ana l ys i s  of  va r ious  exper t
sys tems .  As th is  i s  f a r  beyond  the  scope  o f  th is  paper ,  we mere ly
t ry  to  work  ou t  some bas ic  and  un i f y i ng  i ssues :  Sec t ion  2 ana lyzes
ob jec t ives  fo r  deve lop ing  exper t  systems,  f o l l owed  by a sample o f
exper t  sys tems  in  Sec t ion  3 .  In  Sec t ion  4 ,  an  a t tempt  i s  made to
work  ou t  some bas ic  des ign  p r inc ip les  fo r  exper t  sys tems ,  as  we l l
as  c r i t e r i a  fo r  eva lua t ing  them.  Summar i z ing  conc lus ions  a re  com-
p i l ed  in  Sec t ion  5 .

Nota t ion .  XP s tands fo r  (human) exper t l s ) .
XPS s tands  fo r  exper t  sys tem(s ) .
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Objecc t ives  o f  Exper t  Sys tems
The re  are  p r ima r i l y  two ob jec t ives  fo r  deve lop ing  XPS:

n To mechan ize  the  ac t i v i t i e s  of  human exper ts .
0 To  have  representa t ions  o f  f i e l ds  of  sc ience  amenab le  to

mechan ica l  man ipu la t ion .
Th is  sec t ion  ana lyzes  these  ob jec t ives  and  es tab l i shes  c r i t e r i a
fo r  de te rmin ing  the  demand fo r  XPS.

2 .1 .  Consu l tancy  Sys tems
XPS a re  in tended  to  a t  l eas t  pa r t i a l l y  mechan ize  the  ac t i—

v i t i es  o f  a (human)XP .  The  ob jec t ives  fo r  des ign ing  an  XPS there -
fo re  der ive  f rom how we carac te r i ze  a human XP .

[XP]  A (human) XP is  a spec ia l i s t  fo r  a d is t ingu ished  a rea  o f  ox -
per t i se ;  and  i s  competen t  in  consu l t ing  a c l i en t  by  app ly ing  fac ts
and  techn iques  o f  the  a rea  o f  exper t i se .  An XP is  the re fo re
charac te r i zed  by

consu l t ing  competence  cons is t ing  o f  the  ab i l i t i es  to
o unders tand  a c l i en t ' s  p rob lems  wh ich  o f ten  a r ise  ou ts ide  the

area  o f  exper t i se  o f  the  XP .
recogn ize  f rom the  quer ies  o f  a c l i en t  where  app ly ing  own-ex -
per t i se  may cont r ibu te  to  so lve  the  c l i en t ' s  p rob lems .
t rans form a c l i en t ' s  p rob lems  in to  a mode l  o f  the  own  a rea  o f
exper t i se .
so lve  a c l i en t ’s  p rob lems .
communica te  so lu t ions  to  a c l i en t .
exp la in  the  reason ing  resu l t ing  in  a so lu t ion  to  the  c l i en t .
he lp  the  c l i en t  to  app ly  and  in tegra te  so lu t ions .

6
00

00

An XPS is  a computer  sys tem mechan iz ing  to  some ex ten t  the
ac t iv i t i es  o f  an  XP .  A consu l tancy  sys tem cons is ts  o f  a
c l i en t  convers ing  w i th  an  XP ,  w i th  the  XP a ided  by  an  XPS.
There  i s  a g rea t  va r ie ty  in  the  ex ten t  to  wh ich  an  XPS may
mechan ize  the  ac t i v i t i es  o f  an  XP .  To ta l  mechan iza t ion  o f  an
XP by  an  XPS requ i res  mechan iz ing  bo th  exper t i se  ( i . e .
knowledge  and  sk i l l s )  and  consu l t ing  competence .  In  most
app l ica t ions ,  however ,  i t  w i l l  on ly  be  poss ib le  o r  cos t -
e f fec t i ve  to  par t i a l l y  mechan ize  exper t i se  and  consu l t ing
competence .

The  ex ten t  to  wh ich  mechan iz ing  consu l t ing  competence  i s
des i rab le  ve ry  much depends  on  the  c l i en t .  A c l i en t  who i s  qu i te
fami l i a r  w i th  the  a rea  o f  exper t i se  o f  an  XP/XPS may ask  on ly  fo r
a minimum o f  consu l t ing  competence ,  in  con t ras t  to  a c l i en t  who
doesn ' t  even  know in  wh ich  way knowledge  and  sk i l l s  in  the  a rea  o f
exper t i se  may a f fec t  h is  own prob lems .

Mechan iza t ion  in t roduces  an  add i t iona l  d i f f i cu l ty :  Mechan ica l
sys tems  opera te  on  mach ine -or ien ted  representa t ions .  C l i en ts  con-
verse  in  na tura l  o r  somewhat fo rma l i i ed  techn ica l  l anguage .  To
ach ieve  the  ab i l i t i es  compr is ing  consu l t ing  competence ,  an  XPS
mus t  the re fo re  have  the  fo l low ing  capab i l i t i es :
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n To  mechan i ze  t he  ac t iv i t i es  o f  human  exper ts .
n To  have  rep resen ta t i ons  o f  f i e l ds  o f  sc ience  amenab le  t o

mechan i ca l  man ipu la t i on .
Th i s  sec t ion  ana l yzes  t hese  ob jec t i ves  and  es tab l i shes  cr i te r i a
f o r  de te rm in ing  t he  demand  f o r  XPS .

2 .1 .  Consu l t ancy  Sys tems
XPS a re  i n tended  t o  a t  l eas t  pa r t i a l l y  mechan ize  t he  ac t i -

v i t i e s  o f  a ( human)XP .  The  ob jec t i ves  f o r  des ign ing  an  XPS the re—
fo re  de r i ve  f r om how we ca rac te r i ze  a human  XP .

[XP ]  A (human) XP i s  a spec ia l i s t  f o r  a d is t ingu ished  area  o f  ox-
pe r t i se ;  and  i s  competen t  i n  consu l t ing  a c l i en t  by  app l y i ng  f ac ts
and  t echn iques  o f  t he  a rea  o f  exper t i se .  An XP i s  t he re fo re
cha rac te r i zed  by

consu l t ing  competence  cons i s t i ng  o f  t he  ab i l i t i e s  t o
o unde rs tand  a c l i en t ' s  p rob lems  wh i ch  o f t en  a r i se  ou t s i de  t he

a rea  o f  expe r t i se  o f  t he  XP .
recogn ize  f r om the  que r i es  o f  a c l i en t  whe re  app l y i ng  own-ex—
per t i se  may con t r i bu te  t o  so l ve  t he  c l i en t ' s  p rob lems .
t rans form a c l i en t ' s  p rob lems  i n to  a mode l  o f  t he  own  a rea  o f
exper t i se .
so lve  a c l i en t ' s  p rob lems .
communica te  so lu t i ons  t o  a c l i en t .
exp la in  t he  reason ing  resu l t i ng  i n  a so lu t i on  t o  t he  c l i en t .
he lp  t he  c l i en t  t o  app l y  and  i n tegra te  so lu t i ons .
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An XPS i s  a compu te r  sys tem mechan i z i ng  t o  some ex ten t  t he
ac t iv i t i es  o f  an  XP .  A consu l tancy  sys tem cons is ts  o f  a
c l i en t  conve rs i ng  w i t h  an  XP ,  w i t h  t he  XP a ided  by  an  XPS.
The re  i s  a g rea t  va r i e t y  i n  t he  ex ten t  t o  wh i ch  an  XPS may
mechan i ze  t he  ac t i v i t i e s  o f  an  XP .  To ta l  mechan i za t i on  o f  an
XP by  an  XPS requ i res  mechan i z i ng  bo th  exper t i se  ( i . e .
knowledge and sk i l l s )  and consu l t i ng  compe tence .  I n  most
app l i ca t i ons ,  howeve r ,  i t  w i l l  on l y  be  poss ib l e  o r  cos t—
e f f ec t i ve  t o  pa r t i a l l y  mechan ize  \ expe r t i se  and consu l t i ng
compe tence .

The  ex ten t  t o  wh i ch  mechan i z i ng  consu l t i ng  compe tence  i s
des i r ab le  ve ry  much  depends  on  t he  c l i en t .  A c l i en t  who i s  qu i t e
fam i l i a r  w i t h  t he  a rea  o f  expe r t i se  o f  an  XP/XPS may ask  on l y  f o r
a m in imum o f  consu l t i ng  compe tence ,  i n  cont ras t  t o  a c l i en t  who
doesn ' t  even  know i n  wh i ch  way know ledge  and  sk i l l s  i n  t he  a rea  o f
expe r t i se  may a f fec t  h i s  own p rob lems .

Mechan i za t i on  i n t r oduces  an  add i t i ona l  d i f f i cu l t y :  Mechan i ca l
sys tems  opera te  on  mach ine -o r i en ted  representa t ions .  Cl i en t s  con -
verse  i n  na tu ra l  o r  somewha t  f o rma l i i ed  t echn i ca l  l anguage .  To
ach ieve  t he  ab i l i t i e s  compr i s i ng  consu l t i ng  compe tence ,  an  XPS
mus t  t he re fo re  have  t he  f o l l ow ing  capab i l i t i e s :
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l Language  Comprehens ion  Capab i l i t y !  Unders tand  c l i en t ' s  quer ies ,
t rans form them in to  in te rna l  representa t ion ,  and  recogn ize
approaches  to  app l y  own exper t i se .

a So lu t ion  Capab i l i t y :  So lve  c l i en t ' s  p rob lems  where  own exper t i se
app l ies .

u Answer  Const ruc t ion  Capab i l i t y :  Cons t ruc t  answer  wh ich  exp la ins
so lu t ion  to  the  c l i en t  so tha t  the  c l i en t  can  unders tand  and
app ly  i t .

“ Solu t ion  Exp lana t ion  Capab i l t i t y :  Exp la in  reason ing  resu l t ing  in
the  answer  to  the  c l i en t  so tha t  the  c l i en t  may judge  the  re l i -
ab i l i t y  o f  the  so lu t ion  g iven  by  the  XPS.

u So lu t ion  App l ica t ion  Capab i l i t y :  He lp  c l i en t  in  app ly ing  and  in -
t egra t ing  so lu t ion .

[Summary ] .  The  ac t iv i t i es  o f  an  XP  a ided  o r  mechan ized  by  an  XPS
cannot  be  v iewed  in  i so la t ion .  Ins tead ,  an  XP/RPS toge ther  w i th
a c l i en t  fo rm a consu l tancy  sys tem,  where  they  coopera te  in
f ind ing ,  eva lua t ing ,  and  app ly ing  so lu t ions  to  p rob lems  a r is ing
f rom the  c l i en t ' s  quer ies .

2 .2 .  De te rmin ing  the  Demand fo r  Exper t  Sys tems
To de te rmine  demand and  necess i ty  fo r  deve lop ing  XPS,  we con-

s ider  th ree  c r i t e r i a :
[ Economic Cr i te r ion  ] The cost—gains re la t ionsh ip .
[ Sc ien t i f i c  Cr i t e r ion  I ] Amount o f  new ins igh ts  and and

t echn iques  fo r  mechan iz ing  in—
te l l ec tua l  ac t i v i t i es  ( cont r ibu t ions
to  A I ) .

[ Sc ien t i f i c  Cr i t e r ion  I I  ] Benef i t s  o f  hav ing  representa t ions  o f
f i e lds  o f  sc ience .

Th is  paper  w i l l  no t  pursue  the  [Economic  Cr i te r ion ] ,  bu t  con -
cent ra tes  on the  [Sc ien t i f i c  Cr i t e r i a ] .  I n  par t i cu la r ,  jus t i f y ing
[Sc ien t i f i c  Cr i t e r ion  I I ]  r equ i res  fu r ther  exp lana t ion .  we w i l l
a rgue  tha t  the  most  subs tan t ia l  con t r ibu t ions  o f  XPS w i l l  cons is t
i n  XPS subs t i tu t ing  tex tbook  expos i t ions  fo r  bo th  expos ing  f i e lds
of  sc ience ,  and  fo r  be ing  inS t rumenta l  in  the i r  app l i ca t ion  and
fur ther  deve lopment .  We s ta r t  f rom four  observa t ions  on  the  evo lu -
t ion  o f  a par t i cu la r  va r ie ty  o f  f i e lds  o f  sc ience .  Our  conc lus ions
jus t i f y ing  [Sc ien t i f i c  Cr i t e r ion  I I ]  w i l l  be  based  on  these
observa t ions .

[ Observa t ion  1 ] I n  the  h is to ry  o f  sc ience ,  those  f i e lds  have  de—
ve loped  most  rap id ly  wh ich  a l low  the  fo rmat ion  o f  theor ies  to
represent  the  body  o f  knowledge  o f  such  a f i e ld .  Theory  fo rmat ion
is  the  most  e f fec t i ve  way o f  mak ing  knowledge  bo th  ava i l ab le  and
app l icab le  ( "Am prak t ischs ten  i s t  e ine  gu te  Theor ie”  *
A .E ins te in ) .

[ Observa t ion  2 ] There  a re  f i e lds  which a re  adverse to  theory
fo rmat ion ,  as
n they  compr ise  a l a rge  amount o f  i so la ted  chunks  o f  knowledge

which  a re  d i f f i cu l t  to  s t ruc ture  and  cannot  be  abs t rac ted  s . t .
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in  XPS subs t i tu t ing  t ex tbook  expos i t ions  fo r  bo th  expos ing  f i e l ds
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j u s t i f y i ng  [Sc ien t i f i c  Cr i t e r i on  I I ]  wi l l  be  based  on  these
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app l icab le  ("Am prak t ischs ten  i s t  e ine  gu te  Theor ie"  _
A.E ins te in ) .

[ Observa t ion  2 ] There  a re  f i e lds  which a re  adverse to  theory
fo rmat ion ,  as
n they  compr ise  a l a rge  amount o f  i so la ted  chunks  o f  knowledge

which  a re  d i f f i cu l t  to  s t ruc ture  and  cannot  be  abs t rac ted  s . t .
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they  occur  as  ins tances  o f  a f ew  genera l  p r inc ip les .
n t hey  t yp ica l l y  employ  heur is t i c  t echn iques  fo r  reason ing  and
search .  4
Ne ca l l  such  a f i e l d  a d i f f use  f i e l d  of  sc ience  in  con t ras t  to
well—structured f i e lds  al lowing extensive theory formation.

[ Observa t ion  3 ] As know ledge  of  d i f fuse  f i e l ds  canno t  be  con-
densed  in  theor ies ,  competence  in  a d i f fuse  f i e ld  cannot  be
acqu i red  by  shor t  and  sys temat ic  t ra in ing ,  bu t  i t  i s  t yp ica l l y  ob -
ta ined  a f te r  ex tens ive  p ro fess iona l  ac t i v i t y  ( "ga ther ing  exper i -
ence" )  .

[ Observat ion  h ] Many supposedly we l l—st ruc tured  f i e lds  have dif—
fuse  sub~f ie lds .  '
Examples :  ( 1 )  Number  theory  i s  supposed ly  we l l - s t ruc tured .  Bu t  the

sub—f ie ld  o f  exper t i se  about  how to  f ind  p roo fs  in
number theory  i s  d i f fuse .

(2 )  The  chemis t ry  o f  l a rge  o rgan ic  mo lecu les  i s  sup—
posed ly  we l l~s t ruc tured .  Bu t  the  sub—f ie ld  o f  ex—
pe r t i se  on  how to  de te rm ine  the  s t ruc tu re  of  l a rge
organ ic  mo lecu les  i s  d i f fuse .

From these  observa t ions ,  we conc lude  the  fo l low ing  fac ts :
fl Most  f i e lds  o f  sc ience  conta in  d i f fuse  sub—f ie l ds .
n Di f fuse  f i e lds  cannot  be  condensed  in  theor ies .
n Acqu i r ing  exper t i se  in  a d i f fuse  f i e ld  is  ex t reme ly  expens ive .

I t  i s  d i f f i cu l t  to  judge the  re l i ab i l i t y  o f  exper t i se  on a d i f -
fuse  f i e ld .
The  deve lopment  o f  d i f fuse  f i e lds  i s  s low compared  to  the  g rowth
of  we l l—st ruc tured  f i e lds .
Deve lop ing  app l ica t ions  o f  the  exper t i se  o f  a d i f fuse  f i e ld  i s
much more d i f f i cu l t  than  app ly ing  knowledge  and  sk i l l s  be long ing
to  a we l l—st ruc tured  f i e ld .
Human XP r equ i re  ex t reme ly  expens i ve  t r a i n i ng  and  per fo rm wors t
on  d i f fuse  f i e lds .

There  a re  th ree  ma in  consequences  fo r  the  demand fo r  XPS:
I .  XPS shou ld  be  deve loped  fo r  p rov id ing  exper t i se  and  con-

su l t ing  competence  on  d i f fuse  f i e lds .
I I .  XPS cons t i tu te  ins t ruments  to  fu r ther  deve lop  and  app ly  d i f -

fuse  f i e lds .
I I I .  The  bene f i t s  o f  XPS i n c rease  wi th  the  accumula t ion  o f  ex -

per t i se  wh ich  i s  bo th  rap id ly  access ib le  and  rap id ly  app l ic -
ab le .
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t hey  occur  as  ins tances  o f  a f ew  genera l  p r inc ip les .
n t hey  t yp i ca l l y  emp loy  heur is t i c  techniques  fo r  reason ing  and
search .  .
ue  ca l l  such  a f i e l d  a d i f fuse  f i e ld  o f  sc ience  in  con t ras t  to
we l l—st ruc tured  f i e lds  a l l ow ing  ex tens i ve  theory  fo rmat ion .

[ Observa t ion  3 ] As knowledge  o f  d i f fuse  f i e lds  cannot  be  con—
densed  in  theor ies ,  competence  in  a d i f fuse  f i e l d  cannot  be
acqu i red  by  shor t  and  sys temat ic  t ra in ing ,  bu t  i t  i s  t yp i ca l l y  ob-
t a i ned  a f te r  ex tens ive  p ro fess iona l  ac t i v i t y  ( "ga ther ing  exper i—
once" ) .

[ Observat ion  4 ] Many supposed l y  wel l—st ruc tured  f i e lds  have d i f -
f use  sub—f ie lds .  '
Examp les :  ( 1 )  Number t heo ry  i s  supposed l y  wel l—st ruc tured .  Bu t  the

sub—f ie ld  o f  exper t i se  about  how to  f ind  p roo fs  in
number theory  i s  d i f fuse .

(2 )  The  chemis t ry  o f  l a rge  o rgan ic  mo lecu les  i s  sup -
posed ly  we l l—st ruc tured .  Bu t  the  sub—f ie ld  o f  ex—
per t i se  on  how to  de te rmine  the  s t ruc ture  o f  l a rge
organ ic  molecu les  i s  d i f fuse .

From these  observa t ions ,  we conc lude  the  fo l low ing  fac ts :
a Most  f i e l ds  of  sc ience  conta in  d i f f use  sub—f ie lds .
n Di f fuse  f i e l ds  cannot  be  condensed  in  theor ies .
n Acqu i r ing  exper t i se  in  a d i f f use  f i e ld  i s  ex t reme ly  expens ive .

I t  i s  d i f f i cu l t  to  j udge  the  r e l i ab i l i t y  of  exper t i se  on  a d i f -
fuse  f i e ld .
The deve lopment  o f  d i f fuse  f i e lds  i s  s low compared  to  the  g rowth
of  we l l—s t ruc tu red  f i e l ds .
Deve lOp ing  app l ica t ions  o f  the  exper t i se  o f  a d i f fuse  f i e ld  i s
much more d i f f i cu l t  than  app ly ing  knowledge and sk i l l s  be long ing
to  a we l l—st ruc tured  f i e l d .  .
Human XP requ i re  ex t reme ly  expensive  t ra in ing  and per fo rm worst
on  d i f fuse  f i e lds .

There  a re  th ree  ma in  consequences  fo r  the  demand fo r  XPS:
I .  XPS shou ld  be  deve loped  fo r  p rov id ing  exper t i se  and  con-

su l t i ng  compe tence  on  d i f fuse  f i e lds .
I I .  XPS cons t i tu te  ins t ruments  to  fu r ther  deve lop  and  app ly  d i f—

fuse  f i e lds .
I I I .  The  bene f i t s  o f  XPS increase  w i th  the  accumula t ion  o f  ex—

per t i se  wh ich  i s  bo th  rap id ly  access ib le  and  rap id ly  app l ic -
ab le .
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3 .  Accompl ishments  o f  Exper t  Sys tems
To g ive  an impression what can be ach ieved  by XPS, we g ive  a

br ie f  survey  o f  success fu l  XPS.  Th is  survey  i s  by  no  means in -
tended  to  be  exhaus t ive .
F ie lds  o f  Expe r t  Sys tem Area  o f  Exper t i se  Re fe rences
Competence

Hed ic in  MYCIN ' bac te r ia  iden t i f i ca t ion  [SHO 76 ]
& an t ib io t i cs  therapy

Dig i ta l i s  Therapy Advisor [SMA 77 ]

PUFF lung tes t  in te rpre ta t ion  [KUN 78 ]

INTERNIST in te rna l  medic ine  [PMM 77 ]
d iagnos is

VM i ronwlung cont ro l  [FAG 78 ]

Chemistry  DENDRAL iden t i f i ca t ion  o f  [BF 78 ]
chemica l  compounds [STE  78 ]

CRYSALIS s t ruc ture  o f  p ro te in  [ET  79 ]
molecu les

MOLGEN molecu la r  genet ics  [FR I  79 ]

SECS des ign  o f  o rgan ic  [H IP  74 ]
synthes is

Mechan ics  MECHANO so lv ing  mechan ics
prob lems  [BUN 78 ]

SACON s t ruc tura l  ana lys is  [BCEH 78 ]
consu l tan t  ( fo r  b r idges ,
houses ,e tc . )

Geology PROSPECTOR minera l  p rospec t ing  [HOE 78 ]
o i l  p rospec t ing

P lan t  D iagnos is  o f  p lan t  d iseases  [HC 79 ]
d iseases

E lec t r i c  EL e lec t r i c  c i rcu i t  [SS  77 ]
C i rcu i ts  ana lys is

Programming PECOS [BAR 79 ]
automat ic  programming

APE [BOR 81 ]
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4 .  Des ign  Pr inc i p l es  fo r  Exper t  Sys tems
As i t  tu rns  out  in  Sec t .4 .1 ,  i t  i s  ha rd l y  avo idab le  to  des ign

an  XPS as  a pa t te rn  d i rec ted  in fe rence  sys tem (PD IS ) .  There fo re ,
th is  Sec t ion  i s  ac tua l l y  a survey  on  how to  des ign  a PDIS .  Very
o f ten ,  the  core  o f  a P018  i s  a p roduc t ion  sys tem.  Produc t ion  sys—
tems a re  descr ibed  in  Sec t .4 .2 ‚  wh i le  Sec t .4 .3  ment ions
a l te rna t ive  mechan isms  fo r  imp lement ing  PDIS .  F ina l l y ,  Sec t .4 .4
deve lops  c r i t e r i a  fo r  eva lua t ing  the  des ign  o f  PDIS .

4 .1 .  Bas ic  Cons idera t ion ;
By our  ana lys is  o f  Sec t .3 ,  the re  a re  th ree  requ i rements  to

cons ider  when des ign ing  an  XPS:
[R0  1 ]  XPS a re  in tended  to  man ipu la te  vas t  quant i t i es  o f  poor ly

s t ruc tured  knowledge  and  sk i l l s .  Hence ,  XPS requ i re  a
representa t ion  o f  knowledge  and  sk i l l s  (=exper t i se )  wh ich
supports .
0 rap id  de tec t ion  o f  exper t i se  f rom s i tua t ions  where  the

exper t i se  i s  immedia te ly  app l i cab le  towards  ach iev ing
goa ls .

0 the  acqu is i t ion  o f  l a rge  amounts  o f  new knowledge .
[RO 2 ]  XPS shou ld  incorpora te  a l l  domain -spec i f i c  reason ing

mechanisms and  prob lem so lv ing  sk i l l s  be long ing  to -  the
respec t ive  a rea  o f  exper t i se .

[R0  3 ]  XPS shou ld  have  capab i l i t i es  fo r  comprehend ing  c l i en t ' s
quer ies ,  and  fo r  cons t ruc t ing ,  exp la in ing ,  and  app ly ing

, so lu t ions .
In  th is  paper ,  we concent ra te  on  des ign  p r inc ip les  in tended  to
meet  requ i rements  [RG 1 ,2 ] .

Abs t rac t ion  i s  the  most  e f fec t i ve  method  fo r  represent ing
la rge  amounts  o f  knowledge .  The  two  most  impor tan t  abs t rac t ion
techn iques  a re  schemat i za t ion  and  ax iomat i za t ion .

Schemat i za t ion .  A schema,  o r  pa t te rn ,  i s  a syn tac t ic  ob jec t  to
wh ich  app ly ing  a subs t i tu t ion  resu l ts  in  an  ins tance  o f  the
pa t te rn .  Hence ,  a pa t te rn  i s  a descr ip t ion  o f  the  se t  o f  a l l  o f
i t s  ins tances ,  ca l l ed  the  ex tens ion  o f  the  pa t te rn .  In  o ther
words ,  a pa t te rn  i s  an  abs t rac t ion  o f  i t s  ex tens ion .

To i l l us t ra te  the  s ign i f i cance  o f  abs t rac t ion  ach ieved  by
pa t te rns  we quote  an  example  f rom [M IC  80 ]  about  chess  end  games .
Dec is ions  fo r  sequences  o f  w inn ing  moves a re  based  on  d iagnos t ic
pa t te rns  charac te r i z ing  typ ica l  s i tua t ions  on  the  chess  board .
Th is  tab le  compares  the  search  space  fo r  sma l l  sub -domains  w i th
the  number o f  d iagnos t ic  pa t te rns  wh ich  su f f i ce  to  dec ide  on
winn ing  moves .
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4 .  Dgg iqn  P r i nc i p l es  f o r  Expe r t  Systems
As i t  t u rns  ou t  i n  Sec t . 4 .1 ‚  i t  i s  ha rd l y  avo idab le  t o  des ign

an  XPS as  a pat te rn  d i rec ted  in fe rence  sys te l  (PD IS ) .  There fo re ,
th is  Sec t i on  i s  ac tua l l y  a su rvey  on  how to  des ign  a PDIS .  Ve ry
o f t en ,  t he  co re  o f  a PD IS  i s  a product ion  sys tem.  Product ion  sys—
t ems  a re  desc r i bed  i n  Sec t . 4 .2 ‚  wh i l e  Sec t . 4 .3  ment ions
a l t e rna t i ve  mechanisms f o r  imp lemen t i ng  PD IS .  F i na l l y ,  Sect .4 .4
deve lops  cr i te r i a  f o r  eva lua t i ng  t he  des ign  o f  PD IS .

4 .1 .  Bas i c  Cons ide ra t i ons  _
By  ou r  ana l ys i s  o f  Sec t . 3 ‚  t he re  a re  t h ree  requ i rements  t o

cons ider  when des ign ing  an  XPS:
[RG 1 ]  XPS a re  i n tended  t o  man ipu la te  vas t  quant i t i es  o f  poo r l y

s t ruc tu red  know ledge  and  sk i l l s .  Hence ,  XPS requ i re  a
rep resen ta t i on  o f  know ledge  and  sk i l l s  (=expe r t i se )  wh i ch
suppo r t s  '
o r ap id  de tec t i on  o f  exper t i se  f r om s i tua t ions  where  t he

expe r t i se  i s  immed ia te l y  app l i cab le  towards  ach iev ing
goa l s .

0 t he  acqu i s i t i on  o f  l a rge  amounts  o f  new  know ledge .
[RG 2 ]  XPS shou ld  i nco rpo ra te  a l l  doma in—spec i f i c  r eason ing

mechanisms and  p rob lem so l v i ng  sk i l l s  be long ing  t o -  t he
r espec t i ve  a rea  o f  exper t i se .

[R0  3 ]  XPS shou ld  have  capab i l i t i e s  f o r  comprehend ing  c l i en t ' s
que r i es ,  and f o r  cons t ruc t i ng ,  exp la i n i ng ,  and  app l y i ng

» so lu t i ons .
I n  t h i s  pape r ,  we concent ra te  on  des ign  p r i nc i p l es  i n tended  t o
mee t  r equ i remen ts  [R0  1 ,2 ] .

Abs t rac t ion  i s  t he  mos t  e f f ec t i ve  me thod  f o r  represent ing
l a rge  amounts o f  know ledge .  The two  most  impo r tan t  abs t rac t i on
t echn iques  a re  schema t i za t i on  and  ax ioma t i za t i on .

Schema t i za t i on .  A schema ,  o r  pa t t e rn ,  i s  a syntac t ic  ob jec t  t o
wh i ch  app l y i ng  a subs t i t u t i on  resu l t s  i n  an  i ns tance  o f  t he
pa t t e rn .  Hence ,  a pa t te rn  i s  a desc r i p t i on  o f  t he  se t  o f  a l l  o f
i t s  i ns tances ,  ca l l ed  t he  ex tens ion  o f  t he  pa t t e rn .  I n  o the r
we rds ,  a pa t t e rn  i s  an  abs t rac t ion  o f  i t s  ex tens ion .

To  i l l u s t r a te  t he  s i gn i f i cance  o f  abs t rac t ion  ach ieved  by
pa t t e rns  we quo te  an  examp le  f r om [N IC  80 ]  abou t  chess  end  games .
Dec i s i ons  f o r  sequences  o f  w inn ing  moves a re  based  on  d iagnost ic
pa t t e rns  charac te r i z ing  t yp i ca l  s i t ua t i ons  on  t he  chess  boa rd .
Th i s  t ab le  compares  t he  sea rch  space  f o r  sma l l  sub—doma ins  w i t h
the  number  o f  d i agnos t i c  pa t t e rns  wh i ch  su f f i ce  t o  dec ide  on
w inn ing  moves .
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Si tua t ion  Search  Space  No .  o f  Charac te r i z ing
Pat te rns

King ,  Rook
us .  40  000  10

K ing

King ,  Pawn 100  000  20
vs .

K ing

K ing ,  Kn igh t
vs .  2 000  000  30

K ing ,  Rook

Axiona t i za t ion .  An a rea  o f  knowledge  i s  ax iomat i zed  by  a formal
sys tem cons is t ing  o f
— ax ioms ,  i . e .  chunks  o f  knowledge  cons idered  to  be  p r im i t i ve .
- deduct ion  ru les ,  i . e .  ru les  spec i fy ing  how chunks  o f  knowledge

may be  der ived  f rom each  o ther .
— meta - ru les ,  i . e .  ru les  spec i fy ing  how deduct ion  ru les  may be

app l ied ,  o r  a l t e red  and  app l ied  to  ach ieve  deduc t ions  in  a goa l -
or ien ted  way .

Pa t te rn -d i rec ted  in fe rence  sys tems  (PD IS )  in tegra te  schemat i za t ion
and  ax iomat i za t ion ,  and  fo rm the  core  cons t i tuen t  o f  a lmost  any
XPS.

4 .2 .  P roduc t ion  Sys tems
Produc t i on  sys tems  a re  the  most  commonly occur r ing  con—

st i tuen ts  o f  PD IS .  He g i ve  a shor t  and  condensed  survey  on  des ign
, pr inc ip les  o f  p roduc t ion  sys tems .

4 .2 .1 .  Arch i tec tu re .  A p roduc t ion  sys tem cons is ts  o f
n a da ta  base ,  i . e .  a sys tem of  syn tac t ica l l y  un i fo rm encod ings

(da ta )  o f  chunks  o f  knowledge .  .
n a p roduc t ion  base ,  i . e .  a sys tem o f  p roduc t ion  ru les ;  a p roduc -

t ion  ru le  i s  a pa i r  <s i tua t ion>  ->  <ac t ion> ,  where  (s i tua t ion )
is  a pa t te rn ,  and  the  e f fec t  o f  app ly ing  a p roduc t ion  ru le  i s
de te rmined  by  the  in te rpre te r  o f  the  p roduc t ion  sys tem.

E an  in te rpre te r  cons is t ing  o f
o a pa t te rn  matcher  match ing  da ta  o f  the  da ta  base  to

<s i tua t ion>~pa t te rns  o f  p roduc t ions  in  the  p roduc t ion  base .
0 an  executor  fo r  execut ing  <ac t ion>s ,  poss ib ly  chang ing  da ta

and  produc t ion  base .
o a cont ro l  to  se lec t  p roduc t ion  ru les  to  be  cons idered  by  the

pat te rn  matcher  and  executor .

4 .2 .2 .  Recogn ize—Act -c lg .  A p roduc t ion  sys tem opera tes  accord ing
to  a recogn ize -ac t—cyc le :
(1 )  recogn ize :  de te rmine  a p roduc t ion  ru le  f rom the  p roduc t ion

base  wh ich  i s  app l i cab le ,  i . e .  the  s ta te  o f  the
da ta  base  i s  in  the  ex tens ion  descr ibed  by  the
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Axiomat i za t ion .  An a rea_o f  knowledge  i s  ax i oma t i zed  by  8 for- . !
sys tem cons is t ing  o f
— ax ioms ,  i . e .  chunks  o f  know ledge  cons idered  t o  be  pr imi t i ve .
~ deduc t ion  ru les ,  i . e .  r u l es  spec i f y i ng  hou  chunks  o f  knowledge

may be  de r i ved  f r om each  o the r .
— meta—ru les ,  i . e .  r u l es  spec i f y i ng  how deduct ion  r u l es  may be

app l i ed ,  o r  a l t e red  and  app l i ed  t o  ach ieve  deduc t ions  i n  a goa l -
o r i en ted  way .

Pat te rn -d i rec ted  in fe rence  sys tems  (PD IS )  in tegra te  schema t i za t i on
and  ax ioma t i za t i on ,  and  f o rm  the  co re  const i tuen t  o f  a lmos t  any
XPS.

4 .2 .  P roduc t i on  Sys tems
Produc t i on  sys tems  a re  t he  mos t  common ly  occur r ing  con—

st i t uen t s  o f  PD IS .  we g i ve  a sho r t  and  condensed  survey  on  des ign
- p r i nc i p l es  o f  product ion  sys tems .

4 .2 .1 .  A rch i t ec tu re .  A p roduc t i on  sys tem cons is ts  o f
n a data  base ,  i . e .  a sys tem o f  syn tac t i ca l l y  un i fo rm encod ings

( da ta )  o f  chunks  o f  know ledge .  .
n a p roduc t ion  base ,  i . e .  a sys tem o f  p roduc t i on  ru l es ;  a p roduc -

t i on  ru te  i s  a pa i r  <s i t ua t i on>  ~>  ( ac t ion ) ,  where  (s i tua t ion )
i s  a pa t t e rn ,  and  t he  e f fec t  o f  app l y i ng  a p roduc t i on  ru l e  i s
de te rm ined  by  t he  i n te rp re te r  o f  t he  product ion  sys tem.

u an  i n te rp re te r  cons is t ing  o f
o a pa t t e rn  wa tche r  ma tch ing  data  o f  t he  data  base  t o

<s i tua t ion>~pa t te rns  o f  product ions  i n  t he  p roduc t i on  base .
» an  execu to r  f o r  execu t i ng  <ac t i on>s ,  poss ib l y  chang ing  data

and  p roduc t i on  base .
o a con t ro l  t o  se lec t  product ion  r u l es  t o  be  cons ide red  by  t he

pa t t e rn  ma tche r  and  executor .

4 .2 .2 .  Recoqn i ze—Ac t—Cyc le .  A p roduc t i on  sys tem opera tes  accord ing
t o  a r ecogn i ze—ac t—cyc le :
(1 )  recogn ize :  de te rmine  a p roduc t ion  r u l e  f r om the  p roduc t i on

base  wh i ch  i s  app l icab le ,  i . e .  t he  s ta te  o f  t he
da ta  base  i s  i n  t he  ex tens ion  desc r i bed  by  t he
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<s i tua t ion> -par t  o f  the  p roduc t ion  ru le .  The
outcome o f  the  recogn ize—phase  cons is ts  o f
— an  ind ica t ion  o f  an  app l icab le  p roduc t ion  ru le ;
- poss ib ly  b ind ings  to  match  var iab les  occur r ing  in

both  <s i tua t ion> -  and  <ac t ion> -par t  o f  the  p ro -
duct ion  ru le .

(2 )  ac t :  execute  the  <ac t ion>—par t  o f  the  p roduc t ion  ru le
f dete rmined  in  the  recogn ize -phase ,  us ing  b ind ings

to  match  var iab les  es tab l i shed  in  tha t  phase .
The  recogn ize—phase  i s  ca r r i ed  ou t  by  cont ro l  and  pa t te rn  wa tcher ,
the  ac t—phase  by  the  executor  o f  the  in te rpre te r .

O f ten  there  a re  severa l  app l i cab le  p roduc t ion  ru les .  I f  the
recogn ize -phase  p roposes  severa l  app l i cab le  p roduc t ion  ru les ,  the
i n te rpre te r  con t ro l  has  to  dec ide  wh ich  ru le  i s  to  be  executed
( see  4 .2 .5 )

4 .2 .3 .  D i rec t ion  o f  de r iva t ions .  P roduc t ion  sys tems  may work  in
Forward  o r  backward  d i rec t ion .

In  the  fo rward  d i rec t ion ,  p roduc t ion  ru les  a re  app l ied  when-
ever  the  <s i tua t ion>~par t  i s  sa t i s f i ed ,  regard less  whether  e f fec ts
o f  the  <ac t ion>s  a re  des i rab le  o r  no t .  The  danger  o f  th is  fo rward
reason ing  s t ra tegy  i s  tha t  p roduc t ion  ru les  may genera te  new da ta
added  to  the  da ta  base ,  a l though  such  da ta  a re  i r re levan t  to  reach
an  in tended  goa l  s ta te .

Backward  reason ing  f i rs t  cons iders  a goa l  s i tua t ion  o f  the
da ta  base ,  and  de te rmines  wh ich  p roduc t ion  ru le ts )  appear (s )  to  be
most su i tab le  to  approach  th is  goa l  g iven  the  cur ren t  s ta te .
Hav ing  dec ided  on  such  a ru le ,  app ly ing  th is  ru le  now requ i res
tha t  the  da ta  base  sa t is f i es  the  <s i tua t ion>~par t  o f  the  ru le .  I f
th is  i s  no t  so ,  we ob ta in  a subgoa l  and  backward  reason ing  aga in
is  app l ied  to  reach  th is  subgoa l .  Upon  hav ing  reached  an  app l ic—
ab le  p roduc t ion  ru le ,  the  reverse  o f  the  sequence  o f  ru les  tha t
have  been  se lec ted  so  fa r  cons t i tu tes  a p lan  s . t .  execut ing  the
p lan  achieves  the  in tended  goa l .

Backward  reason ing  has  the  advantage  o f  be ing  goa l -o r ien ted ,
i . e .  i t  avo ids  l i t t e r ing  the  da ta  base  w i th  i r re levan t  da ta  tha t
fo rward  reason ing  migh t  p roduce .  Another  advantage  o f  backward
reason ing  i s  tha t  i t  i s  a s t ra tegy  to  avo id  app ly ing  fa i l ing
sequences  o f  p roduc t ion  ru les  in  der iva t ions  w i th  da ta  base  s ta tes
where  severa l  p roduc t ion  ru les  app ly .  A d isadvantage  o f  backward
reason ing  i s  tha t  i t  cons t i tu tes  a ra ther  in f l ex ib le  con t ro l
mechan ism.  In  p rac t ise ,  one  o f ten  chooses  a m ixed  s t ra tegy  us ing
both  fo rward  and  backward  reason ing .

4 .2 .4 .  St ruc ture  o f  the  Da ta  Base .  The  s imp les t  way o f  con—
st ruc t ing  a data  base  cons is ts  o f  assembl ing  a co l l ec t ion  o f
encod ings  o f  chunks  o f  knowledge .  Such  a co l l ec t ion  may be  imp le -
mented  in  a s tandard  way ,  e .g .  p rov id ing  qu ick  access  us ing  hash
coded  keys .  However ,  s t ruc tur ing  a da ta  base  may i t se l f  be  par t  o f
knowledge  representa t ion .  As an  example ,  da ta  i t ems  may be  s to red
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<s i t ua t i on> -pa r t  o f  t he  product ion  r u l e .  The
outcome o f  t he  recogn i ze—phase  cons is ts  o f
~ an  i nd ica t ion  o f  an  app l i cab le  product ion  r u l e ;
- poss ib l y  b i nd ings  t o  match  va r i ab les  occur r ing  i n

bo th  <s i t ua t i on>— and  <ac t i on> -pa r t  o f  t he  pro—
duc t i on  ru l e .

( 2 )  ac t :  execu te  t he  <ac t i on>—par t  o f  t he  product ion  r u l e
’ dete rmined  i n  t he  recbgn i ze—phase ,  us ing  b ind ings

t o  match  va r i ab les  es tab l i shed  i n  tha t  phase .
The  recogn i ze—phase  i s  ca r r i ed  ou t  by  con t ro l  and  pat te rn  matche r ,
t he  ac t—phase  by  t he  execu to r  o f  t he  i n te rp re te r .

Of ten  there  a re  seve ra l  app l i cab le  product ion  r u l es .  I f  t he
recogn i ze—phase  p roposes  seve ra l  app l i cab le  p roduc t i on  ru l es ,  t he
i n te rpre te r  con t ro l  has  t o  dec ide  which  r u l e  i s  t o  be  executed
( see  4 .2 .5 )

4 .2 .3 .  Di rec t ion  o f  de r i va t i ons .  Product ion  sys tems  may wo rk  i n
fo rward  o r  backward  d i rec t ion .

I n  t he  fo rward  d i rec t ion ,  p roduc t ion  r u l es  a re  app l i ed  when -
eve r  t he  <s i tua t ion>~par t  i s  sa t is f i ed ,  r ega rd less  whe the r  e f f ec t s
o f  t he  <ac t i on>s  a re  des i r ab le  o r  no t .  The  dange r  o f  t h i s  f o rwa rd
reason ing  s t ra tegy  i s  t ha t  p roduc t i on  ru l es  may gene ra te  new da ta
added  t o  t he  da ta  base ,  a l t hough  such  data  a re  i r r e l evan t  t o  r each
an  i n tended  goa l  s ta te .

Backward  reason ing  f i r s t  cons ide rs  a goa l  s i t ua t i on  o f  t he
da ta  base ,  and  de te rm ines  which  p roduc t i on  ru te ( s )  appea r ( s )  t o  be
mos t  su i t ab le  t o  app roach  t h i s  goa l  g i ven  t he  cu r ren t  s t a te .
Hav ing  dec ided  on  such  a ru l e ,  app l y i ng  t h i s  r u l e  now requ i res
tha t  t he  da ta  base  sa t i s f i es  t he  <s i t ua t i on>—par t  o f  t he  ru l e .  I f
t h i s  i s  no t  so ,  we ob ta i n  a subgoa l  and  backward  r eason ing  aga in
i s  app l i ed  t o  r each  t h i s  subgoa l .  Upon  hav ing  reached  an  app l i c—
ab le  p roduc t i on  ru l e ,  t he  reve rse  o f  t he  sequence  o f  r u l es  t ha t
have  been  se lec ted  so  f a r  const i tu tes  a p l an  s . t .  execut ing  t he
p lan  ach ieves  t he  i n tended  goa l .

Backward  reason ing  has  t he  advan tage  o f  be ing  goa l -o r ien ted ,
i . e .  i t  avo ids  l i t t e r i ng  t he  da ta  base  w i t h  i r r e l evan t  da ta  t ha t
f o rwa rd  reason ing  m igh t  produce .  Ano the r  advan tage  o f  backward
r eason ing  i s  t ha t  i t  i s  a s t r a tegy  t o  avo id  app l y i ng  f a i l i ng
sequences  o f  p roduc t i on  ru l es  i n  de r i va t i ons  w i t h  da ta  base  s ta tes
where  seve ra l  p roduc t i on  ru l es  app l y .  A d i sadvan tage  o f  backward
reason ing  i s  t ha t  i t  cons t i t u t es  a r a the r  i n f l ex i b l e  con t ro l
mechan ism.  I n  prac t ise ,  one  o f t en  chooses  a m ixed  s t r a tegy  us ing
bo th  f o rwa rd  and  backward  reason ing .

4 .2 .4 .  St ruc tu rg_o f  t he  Data Base .  The  s imp les t  way o f  con—
s t ruc t i ng  a data  base  cons i s t s  o f  assemb l i ng  a co l l ec t i on  o f
encod ings  o f  chunks  o f  know ledge .  Such  a co l l ec t i on  may be  imp le—
men ted  i n  a s t anda rd  way ,  e .g .  p rov id i ng  qu i ck  access  us ing  hash
coded  keys .  Howeve r ,  s t r uc tu r i ng  a da ta  base  may i t se l f  be  pa r t  o f
know ledge  representa t ion .  As  an  examp le ,  da ta  i t ems  may be  s to red
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a t  nodes  o f  t rees  s . t .  access  to  da ta  requ i res  t ravers ing  the  t ree
a long  paths  s ta r t i ng  a t  the  roo t ;  the  ances tor  re la t ionsh ip  o f
da ta  i t ems  may then  be  used  fo r  represent ing  semant ic  p roper t i es .

4 .2 .5 .  Cont ro l .  The  con t ro l  pa r t  of  the  in te rpre te r ,  i . e .  the
mechanism fo r  con t ro l l ing  the  app l ica t ion  o f  p roduc t ion  ru les ,  i s
o f  c ruc ia l  in f luence  on  the  per fo rmance  o f  a p roduc t ion  sys tem.
There  a re  two  bas ic  p rob lems  to  sO lve  when des ign ing  the  cont ro l
o f  an  in te rpre te r :
n se lec t ion  o f  p roduc t ion  ru les  to  be  p rocessed  by  the

recogni t ion—act—cycle .
n conf l i c t  reso lu t ion ,  i . e .  dec id ing  wh ich  ru le  i s  to  be  app l ied

a f te r  severa l  ru les  have  been  recogn ized  to  be  app l icab le .

4 .2 .5 .1 .  Se lec t ion  mechan isms ,  The  ma in  ob jec t ive  o f  se lec t ing
product ion  ru les  fo r  p rocess ing  by  the  recogn ize—act—cyc le  i s  to
avo id  the  inspec t ion  o f  inapp l icab le  p roduc t ion  ru les .  The  ru le
se lec t ion  phase  may present  jus t  one ,  o r  a poss ib ly  s t ruc tured
co l lec t ion  o f  p roduc t ion  ru les  to  the  recogn ize—act -cyc le .

A coarse  way  o f  avo id ing  unwanted  inspec t ion  o f  p roduc t ion
ru les  cons is ts  in  decompos ing  the  p roduc t ion  base  in to  sewera l
p roduc t ion  bases ,  and  cont ro l  access  to  a p roduc t ion  base  as  a
func t ion  o f  the  cur ren t  s ta te  o f  the  p roduc t ion  sys tem.  Th is
techn ique  o f ten  a r ises  f rom decompos ing  the  a rea  o f  exper t i se  s . t .
each  produc t ion  base  becomes  a domain  exper t .  I f  the  e f fec ts  o f
d i f f e ren t  domain  exper ts  a re  e i ther  independent  o f  each  o ther ,  o r
a re  reasonab ly  coord ina ted ,  pu t t ing  in te rpre te rs  on  d i f f e ren t  p ro -
cessors  resu l ts  in  a sys tem o f  communica t ing  p roduc t ion  sys tems .

I f  i n  a s ing le  p roduc t ion  base  severa l  p roduc t ion  ru les  a re
app l icab le ,  I f  i n  a s ing le  p roduc t ion  base  severa l  p roduc t ion
ru les  a re  app l icab le ,  the re  a re  th ree  bas ic  s t ra teg ies  to  p roceed:
( 1 )  F i r s t - encoun te r—s t ra tugyz  Se lec t  the  p roduc t i on  ru l e  wh i ch

happens  to  be  the  f i rs t  be ing  encounte red  when tes t ing  fo r
app l icab i l i t y .  For  th is  s t ra tegy ,  p roduc t ion  ru les  a re  o f ten
imp lemented  as  a l i fo -s tack  { r esp .  l i f o -queue }  s . t .  the  most
recent ly  app l i ed  p roduc t ion  ru les  w i l l  be  inspec ted  f i rs t
{ l as t }  ( a t ten t ion  focuss ing )

( 2 )  Conf l i c t - reso lu t ion :  Co l lec t  a l l  app l i cab le  p roduc t ion  ru les
and  employ  some exp l i c i t  con f l i c t—reso lu t ion  techn ique  fo r
making  a cho ice .

(3 )  T ry  a l l :  Execute  a l l  app l i cab le  p roduc t ion  ru les ,  resu l t ing  in
severa l  s ta tes  wh ich  need  to  be  worked  on  independent ly .
Clear ly ,  th is  s ra tegy  can  on ly  be  pursued  i f  a combina tor ia l
exp los ion  o f  pa ths  can  be  avo ided .

A produc t ion  sys tem te rmina tes  i f f  no  p roduc t ion  ru le  i s
app l icab le .  Impor tan t  p roper t i es  o f  p roduc t ion  sys tems  a r  f in i t e
and  un i t  t e rmina t ion .  I f  p roduc t ion  ru les  a re  te rm rewr i t ing
r u l es ,  t he re  are  f o rma l  me thods  t o  check  fo r  these  p roper t i es  [H0
80 ] .

An impo r tan t  spec ies  o f  p roduc t ion  sys tems  a re  those  employ ing
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a t  nodes  o f  t rees  s . t .  access  t o  data  requ i res  t ravers ing  t he  t r ee
a long  paths  s ta r t ing  a t  t he  roo t ;  t he  ances tor  r e l a t i onsh ip  o f
data  i t ems  may then  be  used  f o r  represent ing  semant ic  p roper t i es .

4 .2 .5 .  Con t ro l .  The  con t ro l  pa r t  o f  t he  i n te rpre te r ,  i . e .  t he
mechan i sm fo r  con t ro l l i ng  t he  app l i ca t i on  o f  product ion  r u l es ,  i s
o f  c ruc i a l  i n f l uence  on  t he  per fo rmance  o f  a p roduc t i on  sys tem.
The re  a re  two  bas ic  p rob lems  t o  sO lve  when  des ign ing  t he  con t ro l
o f  an  i n te rpre te r :
a se lec t ion  o f  product ion  r u l es  t o  be  processed  by  t he

r ecogn i t i on—ac t—cyc le .
u con f l i c t  r eso lu t i on ,  i . e .  dec id i ng  wh i ch  ru l e  i s  t o  be  app l i ed

a f te r  seve ra l  r u l es  have  been  recogn ized  t o  be  app l i cab le .

4 .2 .5 .1 .  Se lec t i on  mechan isms .  The  main  ob jec t ive  o f  se lec t i ng
p roduc t i on  ru l es  f o r  p rocess ing  by  t he  recogn i ze—ac t - cyc le  i s  t o
avo id  t he  i nspec t ion  o f  i napp l i cab le  p roduc t i on  ru l es .  The  ru l e
se lec t i on  phase  may  p resen t  j us t  one ,  o r  a poss ib l y  s t ruc tured
co l l ec t i on  o f  product ion  r u l es  t o  t he  recogn i ze—ac t - cyc le .

A coa rse  way  o f  avo id i ng  unwan ted  i nspec t ion  o f  product ion
r u l es  cons i s t s  i n  decompos ing  t he  p roduc t i on  base  i n to  séVe ra l
p roduc t i on  bases ,  and  con t ro l  access  t o  a p roduc t i on  base  as  a
func t i on  o f  t he  cu r ren t  s t a te  o f  t he  p roduc t i on  sys tem.  Th i s
t echn ique  o f t en  a r i ses  f r om decompos ing  t he  a rea  o f  exper t i se  s . t .
each  p roduc t i on  base  becomes  a domain  exper t .  I f  t he  e f fec ts  o f
d i f fe ren t  doma in  exper ts  a re  e i t he r  i ndependen t  o f  each  o the r ,  o r
a re  reasonab l y  coo rd ina ted ,  pu t t i ng  i n te rp re te r s  on  d i f f e ren t  p ro—
cesso rs  resu l t s  i n  a sys tem o f  communica t ing  p roduc t i on  sys tems .

I f  i n  a s i ng le  p roduc t i on  base  seve ra l  p roduc t i on  ru l es  a re
app l i cab le ,  I f  i n  a s ing le  p roduc t i on  base  seve ra l  p roduc t i on
ru les  a re  app l i cab le ,  t he re  a re  t h ree  bas i c  s t r a teg ies  t o  p roceed :
(1 )  F i r s t - encoun to r—s t ra tugyz  Se lec t  t he  p roduc t i on  ru l e  wh i ch

happens  t o  be  t he  f i r s t  be ing  encounte red  when tes t i ng  f o r
app l i cab i l i t y .  Fo r  t h i s  s t r a tegy ,  p roduc t i on  ru l es  a re  o f t en
imp lemen ted  as  a l i f o—s tack  { r esp .  l i f o—queue }  s . t .  t he  mos t
r ecen t l y  app l i ed  p roduc t i on  ru l es  w i l l  be  i nspec ted  f i r s t
{ l as t }  ( a t t en t i on  f ocuss ing )

(2 )  Conf l i c t - reso lu t ion :  Co l l ec t  a l l  app l i cab le  p roduc t i on  ru l es
and  emp loy  some  exp l i c i t  con f l i c t—reso lu t i on  t echn ique  f o r
mak ing  a cho ice .

( 3 )  T r y  a l l :  Execu te  a l l  app l i cab le  p roduc t i on  ru l es ,  r esu l t i ng  i n
seve ra l  s t a tes  wh i ch  need  t o  be  wo rked  on  i ndependen t l y .
C lea r l y ‚  t h i s  s ra tegy  can  on l y  be  pu rsued  i f  a comb ina to r i a l
exp los i on  o f  pa ths  can  be  avo ided .

A p roduc t i on  sys tem t e rmina tes  i f f  no  p roduc t i on  ru l e  i s
app l i cab le .  Impo r tan t  p rope r t i es  o f  p roduc t i on  sys tems  a r  f in i t e
and  un i t  t e rmina t ion .  I f  product ion  r u l es  a re  t e rm  rewr i t i ng
r u l es ,  t he re  a re  f o rma l  me thods  t o  check  f o r  t hese  p rope r t i es  [H0
80 ] .

An  impo r tan t  spec ies  o f  p roduc t i on  sys tems  a re  t hose  emp loy ing
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fuzzy  reason ing .  Here ,  da ta  i t ems  a re  tagged  w i th  a "cer ta in ty
f ac to r" ,  and  p roducdt ion  ru les  compute  such  cer ta in ty  fac to rs  fo r
a l l  new da ta  they  p roduce .  The  <s i tua t ion> -pa t te rns  o f  p roduc t ion
r u l es  w i l l  conta in  match  var iab les  qua l i f i ed  w i th  requ i rements  on
cer ta in ty  fac to rs  o f  the  da ta  to  be  matched .  Execut ing  d i f f e ren t
sequences  o f  p roduc t ion  ru les  a l l  s ta r t ing  f rom the  same s ta te  o f
the  o f  the  p roduc t ion  sys tem may resu l t  in  asser t ing  d i f f e ren t
da ta ,  each  o f  them to  some degree  o f  p robab i l i t y .  Der iv ing  a da tum
by  severa l  sequences  o f  p roduc t ion  ru les  may be  taken  to  be  an  in -
d ica t ion  fo r  inc reased  ev idence ,  wh i le  der iv ing  conf l i c t ing  da ta
may be  v iewed  as  d imin ish ing  the  ev idence  o f  such  da ta .  From these
cons idera t ions  we see  tha t  fo r  fuzzy  reason ing ,  the  T ry—al l -
sec t ion—st ra tegy  goes  a long  w i th  a mechanism o f  ev idence
amp ! i f i ca t i on /d i n i nua t i on .  An examp le  of  such  a sys tem is  MYCIN
[SHO 76 ] ;  o ther  mechanisms fo r  ev idence  ampl i f i ca t ion /d iminua t ion
are  inves t iga ted  in  [NAM 80 ] .

4 .2 .5 .2 .  Con f l i c t  r eso lu t i on  t echn igues .  I f  severa l  app l i cab le
produc t ion  ru les  have  been  de te rmined ,  and  the  T ry~a l l~s t ra tegy  i s
no t  employed ,  a dec is ion  fo r  se lec t ing  one  o f  the  conf l i c t ing
ru les  must be  made.  One typ ica l l y  co l l ec ts  a l l  such  p roduc t ion
ru les  in  an  agenda ,  and  app l ies  a separa te  conf l i c t  reso lu t ion
mechanism to  the  agenda ,  resu l t ing  in  a ru le  to  be  executed .

There  a re  th ree  c lasses  o f  con f l i c t  reso lu t ion  techn iques :
(1 )  Ru le -o rder ing .  Th is  techn ique  ass igns  each  ru le  a p r io r i t y

va lue  s . t .  app l i cab le  ru les  become l inear ly  o rdered  w . r . t .
p r io r i t y  va lue .  Qu i te  o f ten ,  the  fo l low ing  p r io r i t y  measures
are  app l ied :
u genera l i t y  o rder :

more " spec i f i c "  r u l es  are  assigned a h igher
pr io r i t y ;  he re ,  a ru le  <s i t  1 )  ->  <ac t  1>  i s
more  spec i f i c  than  ru le  <s i t  2>  ->  <ac t  2 )  i f f
(under  fo rward  reason ing )  the  ex tens ion  o f
<s i t  1>  {backward  reason ingz<ac t  1 ) }  i s  in -
c luded  in  the  ex tens ion  o f  <s i t  2>  {<ac t  2>} .

n recency  o rder :
ru le  R1 has  a h igher  p r io r i t y  than  ru le  R2 i f f
R1 has  been  app l i ed  more  recen t ly  ( cor responds
to  a t ten t ion  focuss ing ) .

( 2 )  Da ta -cont ro l l ed  conf l i c t  reso lu t ion .  P r io r i t y  va lues  a re
a t tached  to  i t ems  o f  the  da ta  base .  A ru le  o f  the  agenda  is
se lec ted  i f f  the  sum o f  a l l  p r io r i t y  va lues  o f  match ing  da ta
i t ems  is  max ima l .

( 3 )  Me ta - ru les .  Me ta—ru les  opera t ing  on  the  p roduc t ion  ru les  o f
the  agenda  dec ide  wh ich  p roduc t ion  ru le  i s  to  be  executed
nex t .

4 .3 .  A l te rna t ive  Techn iques  fo r  Rea l i z ing  Pa t te rn  D i rec ted  In—
f e rence  Sys tems

Because  o f  i t s  cen t ra l  impor tance ,  d i f f e ren t .  t echn iques  fo r
rea l i z ing  pa t te rn  d i rec ted  in fe rence  have  emerged  independent ly
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fuzzy  reason ing .  Here ,  da ta  i t ems  a re  tagged  w i th  a ”cer ta in ty
fac to r" ,  and  p roducdt ion  ru les  compute  such  cer ta in ty  fac to rs  fo r
a l l  new da ta  t hey  produce .  The  <s i tua t ion>—pat te rns  o f  p roduc t ion
r u l es  w i l l  conta in  match  va r i ab les  qua l i f i ed  wi th  requ i rements  on
cer ta in ty  fac to rs  o f  the  da ta  to  be  matched .  Execut ing  d i f f e ren t
sequences  of  p roduc t i on  ru l es  a l l  s ta r t i ng  f rom the  same s ta te  o f
the  o f  the  p roduc t ion  sys tem may r esu l t  i n  asser t ing  d i f f e ren t
da ta ,  each  of  t hem to  some degree  o f  p robab i l i t y .  De r i v i ng  a da tum
by  severa l  sequences  of  p roduc t ion  r u l es  may be  taken  to  be  an  in -
d ica t ion  fo r  inc reased  ev idence ,  wh i le  de r i v i ng  con f l i c t i ng  data
may be  v iewed  as  d im in i sh ing  the  ev idence  of  such  data .  From these
cons ide ra t i ons  we see  tha t  fo r  f uzzy  reason ing ,  the  Try—al l—
sec t ion—st ra tegy  goes  a long  wi th  a mechanism o f  ev idence
amp! i f i ca t ion /d iminua t ion .  An example  o f  such  a sys tem is  MYCIN
[SHO 76 ] ;  o ther  mechanisms fo r  ev idence  ampl i f i ca t ion /d iminua t ion
are  i n ves t i ga ted  i n  [NAM 80 ] .

5 i2 .5 .2 .  Conf l i c t  reso lu t ion  techn iques .  I f  seve ra l  app l i cab le
product ion  r u l es  have  been  de te rmined ,  and  the  T ry—al lmst ra tegy  i s
no t  emp loyed ,  a dec is ion  fo r  se lec t ing  one  o f  the  con f l i c t i ng
ru les  must be  made.  One t yp i ca l l y  co l l ec t s  a l l  such  p roduc t ion
ru les  in  an  agenda ,  and  app l i es  a sepera te  conf l i c t  reso lu t ion
mechanism to  the  agenda ,  r esu l t i ng  i n  a ru le  to  be  executed .

There  a re  th ree  c lasses  o f  con f l i c t  r eso lu t i on  t echn iques :
( 1 )  Ru le -o rder ing .  Th i s  t echn ique  ass igns  each  ru l e  a pr io r i t y

va lue  s . t .  app l i cab le  ru les  become l i nea r l y  ordered  w . r . t .
p r io r i t y  va lue .  Qu i t e  o f t en ,  the  fo l low ing  p r io r i t y  measures
are  app l ied :
u gene ra l i t y  order :

more  “spec i f i c“  ru les  a re  ass igned  a h igher
pr io r i t y ;  he re ,  a ru le  <s i t  1 )  —> <ac t  1 )  i s
more  spec i f i c  than  ru le  <s i t  2 )  ->  ( ac t  2 )  i f f
(under  fo rward  reason ing )  the  ex tens ion  o f
<s i t  1>  {backward reason ingz<ac t  1>}  i s  in—
c luded  in  the  ex tens ion  o f  <s i t  2 )  {<ac t  2>} .

n recency  o rder :
ru le  R1 has  a h igher  p r io r i t y  than  ru le  R2 i f f
R1 has  been  app l i ed  more  recen t ly  ( cor responds
to  a t ten t ion  focuss ing ) .

( 2 )  Da ta—cont ro l l ed  conf l i c t  reso lu t ion .  P r io r i t y  va lues  a re
a t tached  to  i t ems  o f  the  da ta  base .  A ru le  o f  the  agenda  is
se lec ted  i f f  the  sum o f  a l l  p r io r i t y  va lues  o f  match ing  da ta
i t ems  is  max ima l .

( 3 )  Me ta - ru les .  Me ta—ru les  opera t ing  on  the  p roduc t ion  ru les  o f
the  agenda  dec ide  which  p roduc t ion  ru le  i s  to  be  executed
nex t .

4 .3 .  A l te rna t ive  Techn iques  fo r  Rea l i z inq  Pa t te rn  D i rec ted  In—
ference  Sys tems

Because  o f  i t s  cen t ra l  impor tance ,  d i f f e ren t .  t echn iques  fo r
rea l i z ing  pa t te rn  d i rec ted  in fe rence  have  emerged  i ndependen t l y
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f r om var ious  sub - f i e l ds  o f  A I .  The  f o l l ow ing  i s  a l i s t  o f  some
such  t echn iques :
( 1 )  Ho rn -c l ause  deduct ions .  A Horn  c l ause  L <=  L i  3 L2  a . . . 8  Ln

cons i s t s  o f  l i t e ra l s  ( a tomic  p red ica te  ca l cu lus  f o rmu las )  f o r—
ming  an  imp l i ca t i on  w i t h  a con junc t i on  o f  l i t e ra l s  be ing  t he
p rem ise ,  and  a s i ng le  l i t e ra l  be ing  t he  conc lus i ons .  I n  d i s -
j unc t i ve  f o rm ,  t he  above  Ho rn  c l ause  i s  —L o r  L1  o r  Ln .  Such  a
Horn  c l ause  can  be  i n te rp re ted  as  a p roduc t i on  ru l e  w i t h  p r :
m i se  and  conc lus i on  [WAR 77 ]  emp loy  reso lu t i on  t heo rem—prove rs
t o  i n t e rp re t  Ho rn  c l auses  w i t h  backward  reason ing .

(2 )  PLANNER consequen t / an teceden t  t heo rems  [HEW 72 ]  a re  p rocedu ra l
imp lemen ta t i ons  o f  p red i ca te  ca l cu lus  imp l i ca t i ons  i n te rp re ted
as  p roduc t i on  ru l es .

( 3 )  Augmented T rans i t i on  Ne two rks  [U00  70 ]  cons i s t i ng  o f  s t a tes  as
nodes ,  and  hav ing  p roduc t i on  ru l es  a t t ached  t o  t he  edges  can
be  u t i l i zed  as  a con t ro l  mechan i sm s . t .  t r ave rs i ng  an  ATN con—
s i s t s  o f  execu t i ng  s ta te  t r ans fo rm ing  p roduc t i on  ru l es
a t t ached  t o  t he  edges  be ing  t r ave rsed .

(6 )  Agen ts  [FRV 81 ]  p rov ide  a way  o f  r ea l i z i ng  sys tems  o f  commun i -
ca t i ng  concu r ren t  p roduc t i on  sys tems .

4 .4 .  C r i t e r i a  f o r  Eva lua t i nq  Pa t t e rn  D i rec ted  I n fe rence  Sys tems
Wh ich  mechan i sms  suppo r t  t he  deve lopmen t  o f  PDIS  a t  m in ima l

cos t ,  ye t  ach iev i ng  max ima l  pe r f o rmance?  Th i s  sec t i on  d i scusses
such  mechan i sms  and  c r i t e r i a  t o  eva lua te  t hem.

4 .4 .1 .  Cons t ruc t i ve  c r i t e r i a .  H igh  pe r f o rmance  wh i l e  m in im i z i ng
‚ deve lopmen t  cos t s  i s  p r ima r i l y  ach ieved  by  adhe r i ng  t o  t he

fo l l ow ing  cons t ruc t i ve  c r i t e r i a .
n Per fo rmance .

( 1 )  Comp le teness  o f  r esu l t s  p roduced  by  a PDIS  depends  on
( 1 .1 )  t he  comp le teness  o f  t he  know ledge  base .  To  ach ieve

th i s  i s  a p rob lem o f  know ledge  acqu i s i t i on  and
know ledge  base  va l i da t i on .

' ( 1 . 2 )  t he  comp le teness  o f  t he  deduc t i ve  mach ine ry ,  e .g .  p ro -
duc t i on  ru l es  and  con t ro l  o f  a p roduc t i on  sys tem.
Techn iques  f o r  ach iev i ng  t h i s  so  f a r  on l y  ex i s t  f o r
l og i ca l  ca l cu l i  and  t e rm—rewr i t i ng  sys tems .

( 2 )  Cor rec tness  o f  r esu l t s  p roduced  by  PDIS
( 2 .1 )  depends  on  t he  co r rec tness  o f  t he  know ledge  base ,

aga in  a p rob lem o f  know ledge  acqu i s i t i on  and  know ledge
va l i da t i on .

(2 .2 )  depends  on  t he  co r rec tness  o f  t he  deduc t i ve  mach ine ry
( see  commen t  unde r  ( 1 .2 ) ) .

( 2 .3 )  i s  suppo r ted  by  t he  t r anspa rency  o f  t he  I / b—behav io r
o f  a PD IS  f r om i nspec t i ng  i t s  know ledge  base  and
deduc t i ve  mach ine ry .

( 3 )  E f f i c i ency  i s  espec ia l l y  a f f ec ted  by
(3 .1 )  e f f i c i en t  pa t t e rn  ma tch ing .
(3 .2 )  know ledge  o rgan i za t i on  i n  t he  da ta  base  s . t .  un—

success fu l  sea rch  i s  exc luded  as  much  as  poss ib l e .
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f rom var ious  sub—f ie l ds  o f  A1 .  The  f o l l ow ing  i s  a l i s t  o f  some
such  techn iques :
( l )  Horn -c lause  deduct ions .  A Horn  c l ause  L <=  L1  & L2  a ...& Ln

cons i s t s  o f  l i t e ra l s  ( a tomic  p red ica te  ca l cu lus  f o rmu las )  f o r—
ming  an  imp l i ca t i on  w i t h  a con junc t i on  o f  l i t e ra l s  be ing  t he
premise ,  and  a s ing le  l i t e ra l  be ing  t he  conc lus i ons .  I n  d is -
j unc t i ve  f o rm ,  t he  above  Ho rn  c l ause  i s  —L o r  L1  o r  Ln .  Such a
Horn  c l ause  can  be  i n te rpre ted  as  a p roduc t ion  r u l e  wi th  p r :
m ise  and  conc lus i on  [WAR 77 ]  emp loy  reso lu t i on  t heo rem—prove rs
to  i n t e rp re t  Ho rn  c l auses  wi th  backward  reason ing .

( 2 )  PLANNER consequen t / an teceden t  theorems  [HEW 72 ]  a re  p rocedu ra l
impLemen ta t i ons  o f  pred ica te  ca l cu lus  imp l i ca t i ons  i n te rpre ted
as  p roduc t i on  ru l es .

( 3 )  Augmented T rans i t ion  Networks [woo  70 ]  cons is t ing  o f  s ta tes  as
nodes ,  and  hav ing  p roduc t i on  ru l es  a t tached  t o  t he  edges  can
be  u t i l i zed  as  a con t ro l  mechan i sm s . t .  t ravers ing  an  ATN con—
s is t s  o f  execu t i ng  s ta te  t r ans fo rm ing  product ion  r u l es
a t tached  t o  t he  edges  be ing  t raversed .

( 4 )  Agents  [ FRV  81 ]  p rov ide  a way  o f  r ea l i z i ng  sys tems  o f  commun i -
ca t i ng  concu r ren t  p roduc t i on  sys tems .

4 .4 .  g r i t e r i a  f o r  Eva lua t i nq  Pa t t e rn  D i rec ted  I n fe rence  Sys tems
Wh ich  mechan i sms  suppo r t  t he  deve lopmen t  o f  PDIS  a t  m in ima l

cos t ,  ye t  ach iev i ng  max ima l  per fo rmance?  Th is  sec t ion  d iscusses
such  mechan i sms  and  c r i t e r i a  t o  eva lua te  them.

4 .4 .1 .  Const ruc t ive  c r i t e r i a .  High  per fo rmance  wh i l e  min imiz ing
. deve lopmen t  cos t s  i s  p r ima r i l y  ach ieved  by  adher ing  t o  t he

f o l l ow ing  cons t ruc t i ve  cr i te r i a .
n Per fo rmance .

( 1 )  Comple teness  o f  r esu l t s  produced  by  a PDIS  depends  on
( 1 .1 )  t he  comp le teness  o f  t he  know ledge  base .  To  ach ieve

th i s  i s  a p rob lem o f  know ledge  acqu is i t ion  and
know ledge  base  va l ida t ion .

( 1 .2 )  t he  comp le teness  o f  t he  deduct ive  mach inery ,  e .g .  pro—
duc t i on  ru l es  and  con t ro l  o f  a p roduc t i on  sys tem.
Techn iques  f o r  ach iev i ng  th is  so  f a r  on l y  ex i s t  f o r
l og i ca l  ca l cu l i  and  t e rm—rewr i t i ng  sys tems .

(2 )  Correc tness  o f  r esu l t s  p roduced  by  PDIS
( 2 .1 )  depends  on  t he  cor rec tness  o f  t he  know ledge  base ,

aga in  a p rob lem o f  know ledge  acqu is i t ion  and  know ledge
va l ida t ion .

(2.2) depends  on  t he  cor rec tness  o f  t he  deduc t i ve  mach ine ry
( see  comment  unde r  ( 1 .2 ) ) .

( 2 .3 )  i s  suppo r ted  by  t he  t ransparency  o f  t he  I /O -behav io r
o f  a PD IS  f r om i nspec t ing  i t s  know ledge  base  and
deduc t i ve  mach ine ry .

( 3 )  Ef f i c iency  i s  espec ia l l y  a f f ec ted  by
(3 .1 )  e f f i c i en t  pat te rn  match ing .
(3 .2 )  know ledge  o rgan i za t i on  i n  t he  da ta  base  s . t .  un—

success fu l  sea rch  i s  exc luded  as  much  as  poss ib l e .
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( 3 .3 )  the qua l i t y  of  ru les  and cont ro l ,  again a problem of
knowledge  acqu is i t ion .

! Deve lopment  cos ts .
( 1 )  Knowledge acqu is i t ion  i s  the  overwhelming f rac t ion  in  the

deve lopment  o f  a PDIS .
( 2 )  Modu la r i t y  i s  the  degree  o f  separa t ion  o f  func t iona l  un i ts ,

s . t .  changes ,  de le t ions ,  and  add i t ions  do  no t  en ta i l  I od i f i -
ca t ions  o f  o ther  func t iona l  un i ts .  As system development
proceeds  inc rementa l l y ,  l ack  o f  modu la r i t y  g rea t ly  inc reases
deve lopment  cos ts .
These  cons t ruc t ive  c r i t e r i a  imp ly  the  techn ica l  c r i t e r i a
d iscussed  nex t .

4 .4 .2 .  Techn ica l  c r i t e r i a .  The  above  cons t ruc t ive  c r i t e r i a  a re  met
I f  the  fo l low ing  techn ica l  c r i t e r i a  a re  sa t i s f i ed :  modu la r i t y ,
t ransparency ,  and  suppor t  o f  knowledge  acqu is i t ion .

n Modula r i t y .  The  fo l low ing  observa t ions  p rov ide  gu ide l ines  fo r
ach iev ing  modu la r i t y  in  p roduc t ion  sys tems:
(1 )  Modu la r i t y  i s  inc reased  the  more  chunks  o f  knowledge  a re

represented  in  s ing le  p roduc t ion  ru les  resp .  da ta  i t ems .  The
amount o f  knowledge  represented  in  such  chunks  i s  o f ten
re fe r red  to  as  g ranu la r i t y .  There  i s  o f ten  a t rade -o f f
be tween  granu la r i t y  and  e f f i ency .

(Z )  Backward  reason ing  suppor ts  modu la r i t y  be t te r  than  fo rward
reason ing .  Th is  i s  due  to  the  fac t  tha t  con f l i c t  reso lu t ion
can  be  be t te r  modu la r i zed  fo r  backward  reason ing .

(3 )  Modu la r i t y  decreases  the  more  cont ro l  mechanisms a re  coded
in to  p roduc t ion  ru les .  I t  i s  p re fe rab le  to  sepera te  cont ro l
as  e .g .  in  meta—ru les ,  ATNs,  agent—systems .

u T ransparency .  The  t ransparency  o f  p roduc t ion  sys tems  is  usua l l y
low.  The  reason  is  tha t  t ransparen t  I /O -behav io r  i s  ach ieved  by
s tamping  cont ro l  s t ruc tures  on  s ta te  chang ing  ac t ions  (as  h igher
programming  languages  do ) .  Aga in ,  a cure  fo r  th is  de f ic iency  o f
p roduc t ion  sys tem cons is ts  in  in t roduc ing  modu la r  exp l i c i t  con—
t ro l  mechan isms  as  in  meta - ru les ,  ATNs ,  and  agent -sys tems .

n Knowledge  acqu is i t ion .  There  a re  severa l  reasons  fo r  the  fac t
tha t  knowledge acqu is i t ion  cons t i tu tes  by fa r  the  most expensive
par t  in  the  deve lopment  o f  an  exper t  sys tem:
( 1 )  Human exper t  knowledge i s  p r imar i l y  heur is t i c  knowledge w i th

hard ly  any  exp l i c i t  documenta t ion  be ing  ava i l ab le .
(2 )  Human exper t  knowledge  i s  e f f i c ien t ly  ava i l ab le  whenever

there  i s  a need  to  app ly  i t .  Th is  imp l ies  tha t  acqu i r ing
such  knowledge  i s  bes t  done  by  observ ing  an  exper t  when
app ly ing  h is  knowledge .  Th is  i s  done  by  a knowledge  eng ineer
in te r roga t ing  the  exper t  and  t rans forming  answers  and
observa t ions  on  answers  in to  representa t ions  fo r  the  XPS.

Hence ,  knowledge  acqu is i t ion  requ i res  heavy  par t i c ipa t ion  o f
human exper ts  and  knowledge  eng ineers .  There  a re  two  techn iques
for  mechan iz ing  resp .  suppor t ing  knowledge  acqu is i t ion :
fl I nduc t ive  in fe rence ,  as  done  in  e .g .  g rammat ica l  in fe rence

+BIE  766  p rogram synthes is  f rom examples  and  fo rming  car tes ian
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( 3 .3 )  t he  qua l i t y  o f  r u l es  and  con t ro l ,  aga in  a p rob lem o f
knowledge  acqu is i t ion .

n Deve lopment  cos t s .
( 1 )  Knowledge  acqu is i t ion  i s  t he  ove rwhe lm ing  f r ac t i on  i n  t he

deve lopmen t  o f  a PD IS .
(2 )  Modula r i t y  i s  t he  deg ree  o f  separa t ion  o f  f unc t i ona l  un i t s ,

s . t .  changes ,  de le t i ons ,  and  add i t ions  do  no t  en ta i l  mod i f i—
ca t ions  o f  o the r  f unc t i ona l  un i t s .  As sys tem deve lopmen t
p roceeds  i nc remen ta l l y ,  l ack  o f  modu la r i t y  g rea t l y  i nc reases
deve lopmen t  cos t s .
These  cons t ruc t i ve  c r i t e r i a  imp l y  t he  t echn i ca l  c r i t e r i a
d i scussed  nex t .

4 .4 .2 .  Techn i ca l  cr i te r i a .  The  above  cons t ruc t ive  c r i t e r i a  a re  me t
I f  t he  f o l l ow ing  t echn i ca l  c r i t e r i a  a re  sa t is f i ed :  modu la r i t y ,
t ransparency ,  and  suppo r t  o f  know ledge  acqu is i t ion .

n Modula r i t y .  The  f o l l ow ing  obse rva t i ons  p rov ide  gu ide l i nes  f o r
ach iev i ng  modu la r i t y  i n  p roduc t i on  sys tems :
(1 )  Modu la r i t y  i s  i nc reased  t he  more  chunks  o f  knowledge  a re

rep resen ted  i n  s i ng le  p roduc t i on  ru l es  resp .  da ta  i t ems .  The
amoun t  o f  know ledge  rep resen ted  i n  such  chunks  i s  o f t en
re fe r red  t o  as  g ranu la r i t y .  The re  i s  o f t en  a t r ade -o f f
be tween  g ranu la r i t y  and  e f f i ency .

(Z )  Backward  r eason ing  suppo r t s  modu la r i t y  bet te r  than  f o rwa rd
reason ing .  Th i s  i s  due  t o  t he  f ac t  t ha t  con f l i c t  r eso lu t i on
can  be  be t t e r  modu la r i zed  f o r  backward  reason ing .

( 3 )  Modu la r i t y  dec reases  t he  more  con t ro l  mechanisms a re  coded
in to  p roduc t i on  ru l es .  I t  i s  p re fe rab le  t o  sepe ra te  con t ro l
as  e.g. i n  me ta—ru les ,  ATNs ,  agen t—sys tems .

n Transparency .  The  t ransparency  o f  product ion  sys tems  i s  usua l l y
l ow .  The  reason  i s  t ha t  t r anspa ren t  I /O—behav io r  i s  ach ieved  by
s tamp ing  con t ro l  s t r uc tu res  on  s ta te  chang ing  ac t i ons  (as  h i ghe r
p rog ramming  l anguages  do ) .  Aga in ,  a cure  f o r  t h i s  def ic iency  o f
p roduc t i on  sys tem cons i s t s  i n  i n t r oduc ing  modu la r  exp l i c i t  con-
t r o l  mechan i sms  as  i n  me ta—ru les ,  ATNs ,  and  agen t—sys tems .

n Know ledge  acqu is i t ion .  The re  a re  seve ra l  r easons  f o r  t he  f ac t
t ha t  know ledge  acqu i s i t i on  const i tu tes  by  f a r  t he  mos t  expens ive
pa r t  i n  t he  deve lopmen t  o f  an  expe r t  sys tem:
(1 )  Human expe r t  know ledge  i s  p r ima r i l y  heu r i s t i c  know ledge  w i t h

ha rd l y  any  exp l i c i t  documen ta t i on  be ing  ava i l ab le .
( 2 )  Human exper t  know ledge  i s  e f f i c i en t l y  ava i l ab le  whenever

t he re  i s  a need  t o  app l y  i t .  Th i s  imp l i es  t ha t  acqu i r ing
such  know ledge  i s  bes t  done  by  observ ing  an  expe r t  when
app l y i ng  h i s  know ledge .  Th i s  i s  done  by  a knowledge  eng ineer
i n t e r roga t i ng  t he  expe r t  and  t rans forming  answers  and
obse rva t i ons  on  answers  i n to  r ep resen ta t i ons  f o r  t he  XPS.

Hence ,  know ledge  acqu is i t ion  requ i res  heavy  pa r t i c i pa t i on  o f
human  exper ts  and  know ledge  eng inee rs .  The re  a re  two  t echn iques
f o r  mechan i z i ng  resp .  suppo r t i ng  know ledge  acqu is i t ion :
n I nduc t ive  in fe rence ,  as  done  i n  e .g .  g rammat i ca l  i n f e rence

+BIE  766  p rog ram syn thes i s  f r om examp les  and  fo rming  ca r tes i an
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covers .  -
" XP-d ia logue  In  a genera te— and tes t -cyc les  A PDIS  genera tes

examp les  and  presents  them to  an  XP fo r  judgment .  I f  the  XP
dec l i nes ,  the  PD IS  exp la i ns  i t s  reason ing  to  the  XP ,  and  XP
and  PDIS  coopera te  in  cor rec t ing  the  PD IS .  Th is  techn ique  i s
rea l i zed  e .g .  in  TEIRESIAS [DAV 79 ]  and APE [BOR 81 ] .
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5 .  Conc lus ions  and  Fu ture  T rends

5 .1 .  §a t i s fy inq  Demand
( 1 )  Cos t—pro f i t  ana lyses  have  not  been  made  so  fa r .
( 2 )  XPS prov ide  the  on ly  mechan ized  suppo r t  fo r  mas te r ing  d i f fuse

f i e lds .  An XPS cons t i tu tes  bo th  a theory  o f  a d i f fuse  f i e ld
and  a too l  fo r  mechan iz ing  the  app l ica t ion  o f  exper t i se .  G iven
the  s low deve lopment  o f  d i f fuse  f i e lds ,  we  expec t  XPS to  in -
roduce  a ma jor  th rus t  towards  speed ing  up  the  ra te  o f  innova -
t ions  in  such  f i e lds .

(3 )  Measured  in  te rms  o f  per fo rmance ,  XPS be long  to  the  most
success fu l  A I—systems.

(4 )  XPS cont r ibu te  mechanisms towards  mechan iz ing  the  fo l low ing
in te l l ec tua l  ac t i v i t i es :
0 knowledge -acqu is i t ion .
o abs t rac t ion .
o knowledge—representa t ion .

5 .2 .  Cur ren t  S ta te
(1 )  Cur ren t  XPS prov ide  mechan ized  consu l tance  fo r  exper t  c l i en ts .

They a re  no t  capab le  o f  consu l t ing  non—exper ts  re l i ab le .
( 2 )  Advanced  XPS exh ib i t  competence  on  sma l l  , wel l—conf ined

f i e lds  wh ich  exh ib i ts  tha t  o f  human spec ia l i l s ts .
(3 )  The expense  fo r  deve lop ing  competen t ,  advanced  XPS is  o f  the

order  o f  men~decades .
( 4 )  XPS command represent ing  and  mak ing  ava i l ab le  l a rge  amounts  o f

sma l l ,  i so la ted  chunks  o f  knowledge .
(5 )  Unso lved  p rob lems  a re :

° knowledge  acqu is i t ion .
o techn iques  fo r  mak ing  XPS coopera te  w i th  expar ts  and  c l i en ts

e f f i c ien t ly .

5 .3 .  Fu ture  T rends
(1 )  XPS requ i re  vas t  and  fas t  memor ies .  XPS a re  l ess  p rocessor -

in tens ive  and  more  memory - in tens ive .
(2 )  Techno log ies  fo r  da ta  bases  and  in fo rmat ion  sys tems  become a

sub—area o f  knowledge  eng ineer ing .  There  i s  a danger  tha t  th is
w i l l  be  recogn ized  by  research  fund ing  agenc ies  too  l a te .

( 3 )  A nex t  s tep  in  the  evo lu t ion  o f  XPS w i l l  be  concur ren t ly
coopera t ing  pa t te rn -d i rec ted  in fe rence  sys tems  rea l i zed  on
mul t i computers .

27FE981 14

5 .  Qonc lus ion§_and  Future  T rends

5 .1 .  Sa t i s f y i nq  Demand
( 1 )  Cos t -p ro f i t  ana l yses  have  no t  been  made  so  f a r .
( 2 )  XPS prov ide  t he  on l y  mechan ized  suppor t  f o r  master ing  d i f fuse

f i e l ds .  An XPS const i tu tes  bo th  a theory  o f  a d i f fuse  f i e l d
and  a t oo l  f o r  mechan i z i ng  t he  app l i ca t i on  o f  exper t i se .  G iven
t he  s l ow  deve lopmen t  o f  d i f f use  f i e l ds ,  we  expec t  XPS to  i n—
r oduce  a ma jo r  t h rus t  t owa rds  speed ing  up  t he  ra te  o f  i nnova -
t i ons  i n  such  f i e l ds .

( 3 )  Measured i n  t e rms  o f  per formance,  XPS be long  t o  t he  most
success fu l  A I—sys tems .

(4 )  XPS con t r i bu te  mechanisms t owa rds  mechan i z i ng  t he  f o l l ow ing
in te l l ec tua l  ac t i v i t i e s :
o know ledge—acqu i s i t i on .
o abs t rac t i on .
o know ledge—rep resen ta t i on .

5 .2 .  Cur ren t  S ta te
(1 )  Cu r ren t  XPS p rov ide  mechan ized  consu l tance  f o r  expe r t  c l i en t s .

They  a re  no t  capab le  o f  consu l t i ng  non—expe r t s  r e l i ab le .
( 2 )  Advanced  XPS exh ib i t  compe tence  on  sma l l  , we l l - con f i ned

f i e l ds  which  exh ib i ts  t ha t  o f  human  spec ia l i l s t s .  .
( 3 )  The expense f o r  deve lop ing  compe ten t ,  advanced XPS i s  o f  t he

o rde r  o f  men—decades .
( 4 )  XPS command rep resen t i ng  and  mak ing  ava i l ab le  l a rge  amoun ts  o f

sma l l ,  i so l a ted  chunks  o f  know ledge .
(5 )  Unso l ved  p rob lems  a re :

0 know ledge  acqu is i t ion .
o t echn iques  f o r  mak ing  XPS coopera te  wi th  expa r t s  and  c l i en t s

e f f i c i en t l y .

5 .3 .  Fu tu re  T rends
(1 )  XPS requ i re  vas t  and  f as t  memor ies .  XPS a re  l ess  p rocesso r—

in tens i ve  and  more  memory—in tens i ve .
(2 )  Techno log ies  f o r  da ta  bases  and  i n fo rma t i on  sys tems  become  a

sub—area  o f  know ledge  eng inee r i ng .  The re  i s  a dange r  t ha t  t h i s
w i l l  be  recogn i zed  by  resea rch  f und ing  agenc ies  t oo  l a te .

( 3 )  A nex t  s tep  i n  t he  evo lu t i on  o f  XPS w i l l  be  concu r ren t l y
coopera t ing  pa t t e rn—d i rec ted  i n fe rence  sys tems  rea l i zed  on
mul t i compu te rs .

Z7FEBB1 14



6 .  ib l io  ra  h
[BAR 79 ]

[BCEM 78 ]

[BF 78 ]

[B IE  76 ]

[BOR 81 ]

[BUN 78 ]

[DAV 79 ]

[ET  79 ]

[FAG 7a ]

[FE I  so ]

[FR I  79 ]

[FRV 81 ]

[HDE 78 ]

[HEv 72]
[no so]
[KUN 78]

[MC 78 ]

[MIC 79 ]

[MIC 80 ]

27FEB81

Bars tow ,  D .R .  An  exper iment  in  knowledge -based
automat ic  p rogramming .A  J .  Ar t i f i c ia l  In te l l igence :
12 (1979 )73 -119 .
Bennet ,J . ,  C reary ,L . ,  Eng lemore ,R .S . ,  Me losh ,R .  SACON:
a knowledge -based  consu l tan t  fo r  s t ruc tura l  ana lys is .
Memo HPP—78~28 /S tan -CS—78~699 .  S tan ford  Un iv . ,  Dept .  o f
Computer  Sc i . ,  1978 .
Buchanan ,B .G . ,  Fe igenbaum,E .A .  DENDRAL and  META—
DENDRAL: The i r  app l i ca t ions  d imens ions .  J .  Ar t i f i c ia l
In te l l igence :  11 (1978 ) .
B ie rman ‚A .w .  Approaches  to  au tomat ic  p rogramming ,  in
Advances  in  Computers  (eds .  Yov i ts ,  Rub ino f f ) ,  Vo l . 15 .
Academic  Press ,  1976 .
Bar te ls ,U . ,  O l tho f f ,u . ,  Rau le fs ,P .  APE:  An  exper t  sys -
tem fo r  au tomat ic  p rogramming  f rom abs t rac t  spec i f i ca—
t ions  o f  da ta  types  and  a lgor i thms .  Memo SEKI—BN-81—D1.
Univ .Bonn ,  I ns t .  f .  I n f o rma t i k  I I I ,  1981 .
Bundy ,A .  Wi l l  i t  r each  the  tap?  Pred ic t ion  in  the
mechan ics  wor ld .  J .  Ar t i f i c ia l  In te l igence ,  1978 .
Dav is ,R .  I n t e rac t i ve  t r ans fe r  o f  exper t i se .
J .Ar t i f i c ia l  In te l l igence :12 (1979 )121—1S7 .
Enge lmore ,R . ,  Te r ry ,A .  S t ruc ture  and  func t ion  o f  the
CRYSALIS sys tem.  Proc .  6 th  I JCAI -79 ,  Cambr idge ,  1979 .
Fagan ,L .  M .  Ven t i l a t o r  managemen t :  a p rog ram to  prov ide
on—l ine  consu l ta t i ve  adv ice  in  the  in tens ive  ca re  un i t .
Memo HPP—78—16.  S tan ford  Un ivers i ty ,  Dept .  o f  Computer
Sc i . ,  1978 .
Fe igenbaum,E .A .  Exper t  Sys tems  — l ook ing  back  and
l ook ing  ahead .  Proc .  10 .61—Jah res tagung  (Saa rb rucken
1980 ) ,  Spr inger  In fo rmat ik—Fachber ich te  vo l . 33 .
F r ied land ,P .  Knowledge—based  h ie ra rch ica l  p lann ing  in
molecu la r  gene t ics .  Ph .  D .  Thes is ,  S tan ford  Un i f . ,  Com-
pu te r  Sc i .  Dep t . ,  1979 .
F ischer ,H .L . ,  Rau le fs ,P . ,  Voss ,H .  CSSA:  Des ign  and  im-
p lementa t ion  mode l  fo r  a p rogramming  language  fo r
asynchronous  concur ren t  p rocesses .  SEKI -Memo.  Un iv .
Bonn ,  Ins t .  f .  I n f o rma t i k  I I I ,  1981 .
Ha r t ‚P .E . ‚  Duda ,R .0 . ,  E inavd i ,M .T .  A computer—based
consu l ta t ion  sys tem fo r  m inera l  exp lo ra t ion .
Tech .Rept . ,  SR I  In te rna t iona l  ( 1978 ) .
Hewi t t ,C .  P lanner :  A l anguage  fo r  . . .  Tech .Rept .
TR—258. M. I .T .A .1 .~Lab . ,  1972 .
Huet ,G . ,  Oppen ,D .C .  Equa t ions  and  rewr i te  ru les :  a
survey .  Tech .Rept .CSL—111 ,  SR I  In te rna t iona l  ( 1980 ) .
Kunz ,J .  A physo log ica l  ru le—based  sys tem fo r  in te r -
pre t ing  pu lmonary  func t ion  tes t  resu l ts .  Memo
HPP*78 -19 .  S tan ford  Un ivers i ty ,  Dept .  o f  Computer  Sc i . ,
1978 .
M icha lsk i ,R .S . ,  Ch i l ansky ,R .  Know ledge—acqu i s i t i on  by
encod ing  exper t  ru les  ‚ ve r sus  compu te r  i nduc t ion  f rom
examples .  In t .  J .  fo r  Man-Mach ine  S tud ies  (1979 ) .
M ich ie ,D .E .  (Ed i to r ) .  Exper t  Sys tems.  in  the
Mic roe lec t ron ic  Age .  Ed inbu rgh  Un i v .P ress  1979 .
Mich ie ,D .E .  Knowledge—based  sys tems .  Tech .Rept .
UIUDCS—R—80—1001 .  Un i v .  o f  I l l i no is  (Urbana ) ,  Dep t .  o f

15

6 .  B ib l i o  r a  h
[BAR 79 ]

[ ncsn  78 ]

[BF  78 ]

[ 816  76 ]

[BOR 81 ]

[BUN 78 ]

[DAV 79 ]

[ET  79 ]

[FAG 78 ]

[FE I  so ]

[FR I  79 ]

[FRV 81 ]

[HDE 78 ]

[HEU 72 ]

[H0 80 ]

[KUN 78 ]

[ ne  78 ]

[M i t  79 ]

[MIC 80 ]

27FE881

Bars tow ,  0 .8 .  An  exper iment  i n  know ledge—based
au toma t i c  p rog ramming .A  J .  A r t i f i c i a l  I n te l l igence :
12 (1979 )73—119 .
Benne t , J . ,  C rea ry ,L . ,  Eng lemore ,R .S . ,  He losh ,R .  SACON:
a know ledge—based  consu l t an t  f o r  s t r uc tu ra l  ana l ys i s .
Memo HPP—78—28/Stan—CS-78—699. S tan fo rd  Un i v . ,  Dep t .  o f
Compu te r  Sc i . ,  1978 .
Buchanan ,B .G . ,  Fe igenbaum,E .A .  DENDRAL and  META-
DENDRAL: The i r  app l i ca t i ons  d imens ions .  J .  A r t i f i c i a l
I n te l l i gence :  11 (1978 ) .
B ie rman ,A .w .  Approaches  t o  automat ic  p rogramming ,  i n
Advances  i n  Compu te rs  ( eds .  Yov i t s ,  Rub ino f f ) ,  Vo l . 15 .
Academic  Press ,  1976 .
Bar te l s ,U . ,  0 l t ho f f ,U . ,  Rau le f s ,P .  APE: An exper t  sys -
t em fo r  automat ic  p rogramming  f r om abs t rac t  spec i f i ca -
t i ons  o f  da ta  t ypes  and  a l go r i t hms .  Memo SEKI—BN—81—01.
Un iv .Bonn ,  I ns t .  f .  I n f o rma t i k  I I I ,  1981 .
Bundy ,A .  H i l l  i t  r each  t he  t ap?  Pred ic t ion  i n  t he
mechan ics  wor ld .  J .  A r t i f i c i a l  I n t e l i gence ,  1978 .
Dav i s ,R .  I n te rac t i ve  t r ans fe r  o f  exper t i se .
J .A r t i f i c i a l  I n t e l l i gence :12 (1979 )121—157 .
Enge lmore ,R . ‚  Te r r y ‚A .  S t ruc tu re  and  f unc t i on  o f  t he
CRYSALIS sys tem.  P roc .  6 th  I JCA I -79 ,  Cambr i dge ,  1979 .
Fagan ,L .  M .  Ven t i l a t o r  managemen t :  a p rog ram to  p rov ide
on—l ine  consu l t a t i ve  adv i ce  i n  t he  i n tens i ve  ca re  un i t .
Memo HPP—78—16. Stan fo rd  Un i ve rs i t y ,  Dep t .  o f  Computer
Sc i . ,  1978 .
Fe igenbaum,E .A .  Expe r t  Sys tems  - l ook ing  back  and
look ing  ahead .  P roc .  10 .61wJah res tagung  (Saa rb rucken
1980 ) ,  Spr i nge r  I n fo rma t i k—Fachbe r i ch te  vo l . 33 .
F r i ed land ,P .  Know ledge—based  h ie ra r ch i ca l  p l ann ing  i n
mo lecu la r  gene t i c s .  Ph .  D .  Thes i s ,  S tan fo rd  Un i f . ,  Com—
pu te r  Sc i .  Dep t . ,  1979 .
F ische r ,H .L . ,  Rau le f s ,P . ,  Voss ,H .  CSSA: Des ign  and  im—
p lemen ta t i on  mode l  f o r  a p rog ramming  l anguage  f o r
asynch ronous  concu r ren t  processes .  SEKI -Memo.  Un iv .
Bonn ,  I ns t .  f .  I n f o rma t i k  I I I ,  1981 .
Har t ,P .E . ,  Duda ,R .o . ,  E inavd i ,M .T .  A compu te r—based
consu l t a t i on  sys tem fo r  m ine ra l  exp lo ra t i on .
Tech .Rep t . ,  SR I  I n te rna t i ona l  ( 1978 ) .
Hew i t t , c .  P lanne r :  A l anguage  f o r  . . .  Tech .Rep t .
TR—258. M. I .T .A .1 . "Lab . ,  1972 .
Hue t ,G . ,  0ppen ,D .c .  Equa t i ons  and  rewr i te  r u l es :  a
su rvey .  Tech .Rep t .CSL—111 ,  SR I  I n te rna t i ona l  ( 1980 ) .
Kunz ,J .  A physo log i ca l  r u l e—based  sys tem fo r  i n t e r—
pre t i ng  pu lmona ry  f unc t i on  t es t  r esu l t s .  Memo
HPPe78—19 .  Stan fo rd  Un i ve rs i t y ,  Dep t .  o f  Compu te r  Sc i . ,
1978 .
Micha l sk i ,R .S . ,  Ch i l ansky ,R .  Knowledge—acqu is i t ion  by
encod ing  expe r t  r u l es  _ve rsus  compu te r  i nduc t i on  f r om
examp les .  I n t .  J .  f o r  Han—Mach ine  S tud ies  ( 1979 ) .
Mich ie ,D .E .  (Ed i t o r ) .  Expe r t  Sys tems_ i n  t he
M ic roe lec t ron i c  Age. Ed inbu rgh  Un i v .P ress  1979 .
Mich ie ,D .E .  Know ledge—based  sys tems .  Tech .Rep t .
uruocs—R—80—1001.  Un i v .  o f  I l l i no i s  (U rbana ) ,  Dep t .  o f

15



[PMN 77 ]

[SHO 76 ]

[SS  77 ]

[STE

[SWR

[NAH

[WAR

[UHR

[WIP

[HDD

78 ]

77 ]

80 ]

77 ]

78 ]

74 ]

70 ]

27FE881

Computer  Sc ience ,  1980 .
Pop le ,M .E . ‚  Myers , J .D . ,  H i l l e r ,R .A .  D IALOG:  a mode l  o f
d i agnos t i c  l og i c  f o r  i n t e rna l  medic ine .  Proc .5 th
I JCA I—77 ,  Cambr idge  1977 .
Shor t l i f f e ‚E .H .  Compu te r—Based  Medica l  Consu l t a t i ons :
MYCIN .  E lsev ie r /Nor th—Hol land  Pub l .  Co . ,  1976 .
Sta l lman ‚R .M . ‚  Sussman ‚G .J .  Forward  r eason ing  and
dependencyvd i rec ted  back t rack ing  i n  a sys tem fo r
copu te r—a ided  c i r cu i t  ana l ys i s .  J .  A r t i f i c i a l  I n -
t e l l i gence :  9 (1977 )135—196 .
Ste f i k ,H .  I n fe r r i ng  DNA s t ruc tu res  f rom segmen ta t i on
da ta .  J .  A r t i f i c i a l  I n t e l l i gence :11 (1978 )85—114 .
Swar tou t , u .R .  A D ig i t a l i s  The rapy  Adv isor  w i th  ex—
p lan ta t i ons .  Tech .Rep t .  H IT /LCS/TR-176 ,  M . I .T . ,  1977 .
Nah ls te r ,w .  Theor ie ,  En twur f  und  Imp lementa t ion  e iner
Erk la rungskomponente  fu r  approx imat ive  I n f e renzp rozesse
i n  na tu r l i chsp rach l i chen  D ia l ogsys temen .  D i sse r t a t i on .
Un iv .  Hamburg ,  Fachbere ich  In fo rmat ik ,  1980 .
War ren ,  D .H .D .  Pe re i r a ,C .N . ,  Pe re i r a ,F .C .N .  P ro log— the
l anguage  and  i t s  imp lemen ta t i on  compared  w i t h  L i sp .
Proc .ACM Symp.  on  A I  and  P rog ramming  Languages ,  Roches -
t e r ,  1977 .
Wate rman ,D .A . ,  Hayes~Ro th ,F .  (Ed i t o r s ) .  Pa t t e rn—
Di rec ted  I n fe rence  Sys tems .  Academic  P ress ,  1978 .
Wipke ,w .T .  Compu te r—ass i s ted  3 -d imens iona l  syn the t i c
ana l ys i s ,  i n  Compu te r  Rep resen ta t i on  and  Man ipu la t i on
o f  Chemica l  I n fo rma t i on ,  eds .  W ipke ,  He l l e r ,  Fe ldmann
and  Hyde .  Wi ley  I n t e r sc i ence ,  1974 .
woods ‚u .A .  Trans i t ion  Ne twork  Grammars  f o r  Na tu ra l
Language  Ana l ys i s .  CACM:13 (1970 )591—606 .

16

[PMH 77 ]

[sno  76 ]

[ss  77 ]

[STE 78 ]

[SMA 77 ]

[wAH so ]

[WAR 77 ]

[una  78 ]

[N IP  74 ]

[HOO 70 ]

27FEBB1

Computer  Sc ience ,  1980 .
Pop le ‚M .E . ,  Hyers ,J .D . ,  M i l l e r ,R .A .  DIALOG: a mode l  o f
d iagnos t i c  l og i c  fo r  in te rna l  med ic ine .  P roc .5 th
I JCAI—77 ,  Cambr idge  1977 .
Shor t l i f f e ,E .H .  Computer—Based Med ica l  Consu l t a t i ons :
MYCIN.  E lsev ie r /Nor th—Hol land  Pub l .  Co . ,  1976 .
Sta l lman ‚R .M. ,  Sussman,G.J. Forward reason ing  and
dependency—di rec ted  back t rack ing  i n  a sys tem fo r
copute r—aided  c i rcu i t  ana lys is .  J .  Ar t i f i c ia l  In—
t e l l igence :  9 (1977 )135—196 .
S te f i k ‚H .  In fe r r ing  DNA s t ruc tures  f rom segmenta t ion
da ta .  J .  Ar t i f i c i a l  I n te l l igencez11 (1978 )85—114 .
Swar tou t ,U .R .  A Dig i ta l i s  Therapy  Adv isor  w i th  ex—
p lan ta t i ons .  Tech .Rep t .  HIT /LCS/TR—176 ,  M . I .T . ,  1977 .
Mah ls te r ,u .  Theor ie ,  En twur f  und  Imp lementa t ion  e iner
Erk la rungskomponente  fu r  approx imat ive  In fe renzprozesse
in  na tur l i chsprach l i chen  D ia logsys temen .  D isser ta t ion .
Un iv .  Hamburg ,  Fachbere ich  In fo rmat ik ,  1980 .
Nar ren ,  D .H .D .  Pere i ra ,C .M . ,  Pere i ra ,F .C .N .  P ro log— the
l anguage  and  i t s  imp lemen ta t i on  compared  w i th  L isp .
Proc .ACM Symp. on  A I  and  Programming  Languages ,  Roches—
t e r ,  1977 .
Waterman ,D .A . ,  Hayes—Roth ,F .  (Ed i to rs ) .  Pa t te rn—
Di rec ted  I n f e rence  Systems .  Academic  Press ,  1978 .
u ipke ,w .T .  Computer -ass is ted  3 -d imens iona l  synthe t ic
ana l ys i s ,  i n  Computer  Representa t ion  and  Man ipu la t i on
of  Chemica l  I n fo rma t i on ,  eds .  Hipke ,  He l l e r ,  Fe ldmann
and  Hyde .  Wi ley  I n te rsc ience ,  1974 .
woods ‚w .A .  T rans i t ion  Ne twork  Grammars fo r  Na tura l
Language  Ana lys is .  CACM:13 (1970 )591—606 .

16


