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                              ABSTRACT

        McESE  i s an exper t  syst em envi r onment  ( a  sof t war e 
        t ool )   desi gned  t o  hel p  cr eat e  pr obl em- speci f i c 
        shel l s  wi t h  i ncompl et e and  uncer t ai n  knowl edge,  
        f ast   and compact  exper t  syst em appl i cat i ons  i n  a 
        par t i cul ar    pr ogr ammi ng   l anguage.     Speci al i zed 
        sof t war e  of  McESE i s wr i t t en i n C and  f aci l i t at es 
        handl i ng of  al l  aspect s of  deal i ng wi t h  r ul e- based 
        knowl edge bases.   Pr act i cal  and t heor et i cal  aspect s 
        of  McESE ar e di scussed.

                    
( 1)    I NTRODUCTI ON.

      McESE ( McMast er  Exper t  Syst em Envi r onment )  i s a sof t war e t ool  
t o   bui l d  pr obl em- speci f i c  shel l s  and  cr eat e   exper t    syst em 
appl i cat i ons.  I t  i s desi gned t o sat i sf y t he goal s l i st ed bel ow ( not  
i n t he or der  of  t hei r  s i gni f i cance) :

( 1. 1)  al l ow  t he  user   t o  deal   wi t h  i mpr eci se  and   i ncompl et e 
      knowl edge  i n  McESE  knowl edge  bases  wi t h  a   decl ar at i ve 
      f or mal i sm t hat  has a sat i sf act or y degr ee of  expr essi ve power ;

( 1. 2)  al l ow  t he  user   t o cust omi ze t he shel l   as  so  i t   handl es 
      uncer t ai nt y i n t he way of  hi s pr ef er ence;

( 1. 3)  al l ow  t he  user  t o cr eat e exper t  syst em  appl i cat i ons  i n  a 
      par t i cul ar  pr ogr ammi ng l anguage ( C,  Fr anzLI SP,  and SCHEME ar e 
      avai l abl e at  t he moment ) ,  wi t h a poi nt  of  r ef er ence bei ng t he 
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      appl i cat i on  r at her  t han t he knowl edge base ( so t he  cr eat i on 
      of  such an appl i cat i on r esembl es or di nar y pr ogr ammi ng as much 
      as possi bl e) ;

( 1. 4)  al l ow  t he  user   a  nat ur al   ( hi er ar chi cal )   connect i on   of  
      di f f er ent  knowl edge bases i n an appl i cat i on;

( 1. 5)  al l ow r api d pr ot ot ypi ng;

( 1. 6)  al l ow f ast  i nf er r i ng.

( 2)    HOW THE GOALS OF McESE PROJECT ARE ATTAI NED.

( 2. 1)  I n McESE t he user  can encode t he domai n knowl edge i n r ul es of  
      t he f ol l owi ng f or m:

               TERM1 & TERM2 & . . .  & TERMn ==CVPF==> TERM

      ( cvpf  abbr evi at e " cer t ai nt y val ue pr opagat i on f unct i on" . )
      The  " meani ng"  of  a si mpl e r ul e " TERM1 & TERM2 ==F==>  TERM3"  
      i s:   i f  we ar e cer t ai n wi t h val ue v1 t hat  TERM1 i s t r ue,   and 
      i f  we ar e cer t ai n wi t h val ue v2 t hat  TERM2 i s t r ue,   t hen  we 
      ar e cer t ai n wi t h val ue F( v1, v2)  t hat  t he l ef t  hand si de  ( LHS 
      f or  shor t )  hol ds,   and so we ar e cer t ai n wi t h t hat  val ue t hat  
      TERM3 hol ds.

               An ( meani ngl ess)  exampl e of  a McESE r ul e:
     
          R1:  . 8* P1( x, y) [ >=. 3]  & - P2( z)  ==F2==> P3( x, y, z) [ <. 5]
   
      wher e R1 i s t he r ul e' s i d,   P1,  P2,  and P3 ar e pr edi cat es,  F2 
      i s a cvpf ,  x, y,  and z ar e pr edi cat e var i abl es,  " - "  st ands f or  
      negat i on,   . 8  pr ecedi ng P1 i s t he wei ght  of  t he  f i r st   t er m 
      ( must  be a r eal  number  bet ween 0 and 1 i ncl usi ve;  i f  omi t t ed,  
      i t   i s  assumed  t o  be  1) ,    [ >=. 3] ,   [ <. 5]   ar e  t hr eshol d 
      di r ect i ves (  >= and > i n [  ]  ar e t hr eshol d oper at or s,   and . 3 
      and  . 5  i n [  ]  ar e t hr eshol d val ues,   must   be  r eal   val ues 
      bet ween 0 and 1 i ncl usi ve) .

           A  pr edi cat e,   possi bl y pr eceded by a  wei ght ,   possi bl y 
      pr eceded  by  " - "  or  " ~"  ( denot i ng  negat i on) ,   and  possi bl y 
      f ol l owed  by a t hr eshol d di r ect i ve,   i s cal l ed a  t er m.

           The  " f i r i ng"  of  t he above ment i oned r ul e  consi st s  of :  
      f i r st ,  f or  t he r ul e t o be " f i r ed" ,  al l  pr edi cat e var i abl es i n 
      t he  r ul e  must   be bound t o  some  dat a  st r uct ur es,   cal l ed 
      obj ect s.   Let  x be bound t o t he obj ect  X,   l et  y be bound  t o 
      t he obj ect  Y and l et  z be bound t o t he obj ect  Z.   Second,  t he 
      cer t ai nt y  val ues ( r eal  val ues bet ween 0 and 1 i ncl usi ve)   of  
      al l  LHS t er ms must  be known.   Then t he cer t ai nt y val ue of  t he 
      r i ght  hand si de ( RHS f or  shor t )  pr edi cat e can be comput ed as:  
      Let  v1 be t he val ue of  t he f i r st  t er m of  t he LHS of  t he  r ul e 
      R1 ( i . e.   t he t er m . 8* P1( X, Y) [ >=. 3] ) ,   l et  v2 be t he val ue of  
      t he  second LHS t er m of  t he r ul e R1 ( i . e.   t he t er m  ~P2( Z) ) .  
      Then  t he  val ue  of  t he LHS i s  F2( v1, v2) .   ( F2  must   be  a 
      f unct i on of  t wo r eal  ar gument s r et ur ni ng a r eal  val ue bet ween 
      0  and 1 i ncl usi ve,   or  - 1. )  Fr om t hi s t he val ue of   t he  RHS 
      pr edi cat e P3( X, Y, Z)  i s det er mi ned by t he t hr eshol d di r ect i ve.  
      I n t hi s case,   i f  t he val ue of  t he LHS i s st r i ct l y l ess  t han 
      . 5,   t he  val ue of  P3( X, Y, Z)  wi l l  be set  t o 1,   ot her wi se  i t  
      wi l l  be set  t o 0.

           The  val ue of  a LHS t er m i s comput ed f r om t he  val ue  of  
      t he  t er m' s  pr edi cat e  accor di ng  t o  t he  wei ght   and   t he 
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      t hr eshol d di r ect i ve.   E. g.  t he val ue of  P1( X, Y) [ >=. 3]  wi l l  be 
      1  i f   t he  val ue  of  P1( X, Y)  i s  gr eat er   or   equal   t o  . 3,  
      ot her wi se i t  wi l l  be 0.  I f  t he wei ght  i s not  speci f i ed,  i t  i s 
      assumed  t o  be  1,   and so t he f i nal  val ue of   t he  t er m  i s 
      compl et ed at  t hi s poi nt .  On t he ot her  hand when t he wei ght  i s 
      speci f i ed,   as i n t hi s case,   t he f i nal  val ue of  t he t er m  i s 
      obt ai ned by mul t i pl y i ng by t he wei ght .

           The val ue of  ~P2( Z)  wi l l  be ( 1- val ue of  P2( Z) ) .  

           I f  t he cvpf  F2 r et ur ns - 1,   t hen t he r ul e i s  consi der ed 
      not  " f i r ed" .

           Rul es  i n  t hi s  f or m al l ow  t o  capt ur e  an  i mpr eci se,  
      uncer t ai n  and  i ncompl et e knowl edge,   s i nce  t he  r ul es  ar e 
      guar ant eed t o " f i r e"  f or  any val ues of  LHS t er ms ( except  some 
      s i t uat i ons  when t he f i r i ng i s pr event ed by  t he  cvpf ) ,   and 
      onl y t he r esul t i ng val ue of  t he RHS pr edi cat e i s af f ect ed  by 
      t he val ues of  LHS t er ms.   Thus,  we can f or mul at e our  r ul es i n 
      vague t er ms,  as i n t hi s exampl e f r om an exper t  syst em t o pl ay 
      a car d game Canast a:  
           " opponent _col l ect ( x)  & used_st ck_hi gh =F=> ~di scar d( x) "
      wher e we can never  be sur e i f  t he opponent  r eal l y col l ect s x,  
      and  when t he used st ack i s hi gh.   But  we can bui l d i nt o  t he 
      knowl edge  base  enough i nf or mat i on t o est i mat e  t hese  f act s 
      numer i cal l y  ( based on cur r ent  i nput  dat a)  and t hese  number s 
      pr oj ect  vi a cvpf  F i nt o t he val ue of  di scar d( x) .   Even i n t he 
      case  of  compl et e l ack of  i nf or mat i on,   say i f  t he  val ue  of  
      opponent _col l ect ( x)  i s 0  we may want  t o associ at e t he  val ue 
      of  . 25 wi t h di scar d( x)  ( si nce t her e ar e 4 possi bl e t ypes  t he 
      opponent   may  be  col l ect i ng and so i n t he  absence  of   any 
      r el evant  i nf or mat i on a good guess i s t hat  t her e i s . 25 chance 
      of  t he opponent  col l ect i ng x)  and t hat ' s what  cvpf  F can do.

           The pr edi cat es ser ve as si mpl e st at ement s about  ent i t i es  
      t he  knowl edge i s " t al ki ng"  about .   For  exampl e  " ont op( X, Y) "   
      i s  meant   t o  i ndi cat e t hat  t he obj ect  X i s on  t op  of   t he  
      obj ect  Y,   or  " al l younger ( 10) "  i s meant  t o i ndi cat e t hat   al l   
      i nvol ved  wer e younger  t han 10.   How wel l  t hey r eal l y  r ef l ex  
      t he r eal i t y i s a di f f er ent  mat t er .

( 2. 2)  I f  no cvp f unct i on i n a r ul e i s st i pul at ed,   t he def aul t   one 
      i s used.   I f  unchanged by t he user ,   i t  i s so- cal l ed wei ght ed 
      cumul at i ve evi dence comput ed accor di ng t he f ol l owi ng f or mul a:  
      l et   w = w1 + w2 + w3 + . .   + wn,   wher e w1 i s t he wei ght   of  
      t er m1,   w2 t he wei ght  of  t er m2,  . . .  ,  wn i s t he of  t er mn.  Let  
      v1 be t he val ue of  LHS TERM1,   v2 t he val ue of  LHS TERM2, . . . ,  
      vn t he val ue of  LHS TERMn.  Then ( v1 + v2 + . . .  + vn) / w i s t he 
      val ue of  t he LHS.

           As  any cvpf  can be def i ned as t he def aul t   choi ce,   one 
      can  pr e- det er mi ne t hat  al l  r ul es i n t he knowl edge base  wi l l  
      be handl ed uni f or ml y,   i n essence f i x i ng a par t i cul ar   met hod 
      of  t he t r eat ment  of  uncer t ai nt y i n t he whol e knowl edge base.

( 2. 3)  Most   of  exper t  syst ems shel l s ar e ei t her  pr esent ed wi t h  t he 
      knowl edge r epr esent at i on l anguage as t he mai n l anguage of  t he 
      appl i cat i on,   and hence t he appl i cat i on i s " cent er ed"   ar ound 
      t he  " model "  ( knowl edge base) ,   and t he pr ocedur al  par t s  ar e 
      connect ed  t o  i t   by di f f er ent  means ( i n  t he  case  of   OPS 
      l anguages  and  PROLOG  i t  i s t he  onl y  l anguage) ,   or   t hey 
      t hemsel ves  ar e wr i t t en i n t he l anguage of   appl i cat i on  ( f or  
      exampl e KEE i n LI SP) .  We t r i ed t o gi ve t he user  a possi bi l i t y 
      t o  wr i t e  an  appl i cat i on i n t he usual   way,   at   l east   t he 
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      pr ocedur al   par t s,   and  i n t he pr ogr ami ng  l anguage  of   hi s 
      choi ce,   but  st i l l  pr eser ve t he possi bi l i t y of  havi ng  access 
      t o a decl ar at i ve knowl edge base when needed.  Thi s i s achi eved 
      by  " ext endi ng"   a par t i cul ar  pr ogr ammi ng l anguage  by  McESE 
      commands t o f aci l i t at e al l  r equi r ed communi cat i on bet ween t he 
      appl i cat i on  and  t he  knowl edge  bases.    The  sof t war e   t o 
      per f or mer   t he  communi cat i on  i s  wr i t t en  i n  C,    but    i s 
      t r anspar ent  t o t he user .   Thus,   a par t i cul ar  appl i cat i on  i s 
      compl et el y bui l t  usi ng a si ngl e pr ogr ammi ng l anguage and  t he 
      l anguage of  McESE r ul es.   At  t hi s poi nt ,   McESE ext ensi ons of  
      C,   Fr anzLI SP,  and SCHEME ar e avai l abl e.  Not e t hat  t hi s shi f t  
      i n  emphasi s changes t he f ocal  poi nt  f r om knowl edge  base  t o 
      t he   appl i cat i on  i n  an  ef f or t   t o  al l ow   f or    or di nar y 
      pr ogr ammi ng  t echni ques,    met hods,    and  exper i ence  t o  be 
      ut i l i zed.

( 2. 4)  Pr edi cat es whi ch never  occur  on RHS of  any r ul e cor r espond t o 
      f act s and obser vat i ons;  we shal l  cal l  t hem l evel  0 pr edi cat es 
      f or  t hey wi l l  be on l evel  0 of  t he knowl edge t r ee ( see  4. 2) .  
      They r epr esent  dat a i nput  nodes of  t he knowl edge t r ee.   Thei r  
      val ues ar e not  der i ved ( i nf er r ed)  usi ng r ul es,   t hey must   be 
      obt ai ned f r om so- cal l ed pr edi cat e ser vi ce  pr ocedur es.   These 
      may  be  or di nar y  pr ocedur es  t o  suppl y  t he  f act s  and/ or  
      obser vat i ons,   or   t hey may i n f act  be ot her  exper t   syst ems.  
      Thi s  mechani sm  al l ows f or  conveni ent   par t i t i oni ng  of   t he 
      domai n knowl edge i nt o a hi er ar chy of  knowl edge bases ( or  mor e 
      pr eci sel y exper t  syst ems) ,  see Fi g.  1.

             - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

                              Fi g.  1

      On  t he  ot her  hand,   pr edi cat es on hi gher   l evel s  r epr esent   
      concl usi ons  based on f act s and/ or  ot her   concl usi ons.   Thei r   
      val ue must  be obt ai ned by i nf er r i ng.

( 2. 5)  Si nce  McESE bui l t - i n i nf er ence engi ne aut omat i cal l y  pr ompt s 
      t he  user   f or  t he r esul t  of  t he i nvocat i on  of   a  pr edi cat e 
      ser vi ce  pr ocedur e  i n t he case t hat   t he  pr edi cat e  ser vi ce 
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      pr ocedur e  i s not  avai l abl e t o t he syst em ( and si mi l ar l y  f or  
      cvpf ' s) ,   one can j ust  t est  and modi f y r ul es i n t he knowl edge 
      base   wi t hout    t he  over head  of   bui l di ng   t he   compl et e 
      appl i cat i on.  Mor eover  si nce McESE i nt er act i ons and i nf er ences 
      ar e i dent i cal  i n McESE- C,   McESE- Fr anzLI SP,  and McESE- SCHEME,  
      one   can  qui ckl y  bui l d  a  pr ot ot ype  i n   McESE- Fr anzLI SP 
      ( ut i l i z i ng  ver sat i l i t y  and  f l exi bi l i t y  of   Fr anzLI SP)   t o 
      ver i f y t he met hods and appr oaches,   and when  sat i sf i ed,   t he 
      knowl edge  bases  can  be used as t hey ar e  f or   t he  McESE- C 
      appl i cat i on.

( 2. 6)  McESE  knowl edge bases ar e f i r st  compi l ed bef or e t hey can  be 
      used  i n  an appl i cat i on.   The compi l ed knowl edge  base  ( f or  
      shor t   cal l ed  knowl edge t r ee)  al l ows f or  di r ect   l i nki ng  of  
      r el evant   pr edi cat es,   so  onl y r el evant  r ul es  ar e  i n  f act  
      consi der ed when a pr edi cat e must  be eval uat ed.  Thus i nf er r i ng 
      wi t h  such a knowl edge t r ee amount s t o a " wal k"   t hr ough  t he 
      t r ee,   and  hence t he speed of  i nf er r i ng depends ent i r el y  on 
      t he dept h of  t he knowl edge t r ee r at her  t han on i t s si ze.   The 
      r esul t   i s  a f ast  per f or mance,   knowl edge base  quer i es  ar e 
      qui ckl y eval uat ed and r et ur ned t o t he appl i cat i on pr ogr am.

( 3)    SYNTACTI CAL DESCRI PTI ON OF RULES I N RSET.

      Li st  of  al l  t okens and t her e def i ni t i ons f ol l ows.  As usual ,  a 
space  r epr esent s  any number  ( none i ncl uded)   of   so- cal l ed  whi t e 
spaces ( bl ank,  car r i age r et ur n,  newl i ne,  and comment ) .  {  }  i ndi cat e 
an opt i onal  par t .

comment   <comment >  i s any t ext  encl osed bet ween comment  br acket s -  
l ef t  br acket  / *  -  and -  r i ght  br acket  * /  -  i t  i s t r eat ed as a whi t e 
space McESE compi l er ,  and hence not  par t  of  compi l ed RSET.

r ul e  <r ul e>  i s a bl ock    <r ul ei d> <l hs> <ar r ow> <r hs>

r ul e i dent i f i er   <r ul ei d>  i s a bl ock    <r ul ename> {  <t di r > }  :

r ul ename  <r ul ename>   i s a bl ock of  char act er s  begi nni ng  wi t h  a 
l et t er ,  can cont ai n l ower  and upper  case l et t er s,  di gi t s,  or  ' _'

t hr eshol d di r ect i ve  <t di r >  i s a bl ock     [ <t op> <t val >]

t hr eshol d oper at or   <t op>  i s a bl ock of  1 t o 2 char act er s,   ei t her  
' >'  or  ' >='

t hr eshol d val ue <t val >  i s a deci mal  const ant  val ue bet ween 0 and 1 
i ncl usi ve

l ef t  hand si de  <l hs>  i s a bl ock     <t er m> & <t er m> . . .  & <t er m>

t er m  <t er m>  i s a bl ock {  <wei ght > *  }  {  <si n> }  <pr ed> {  <t di r > }

wei ght    <wei ght >   i s  a deci mal  const ant  val ue bet ween  0  and  1 
i ncl usi ve

si gn  <si gn>  i s a bl ock of  one char act er ,  ei t her  ' - ' ,  or  ' ~'

pr edi cat e  <pr ed>  i s a bl ock     <pr edname> {  (  <var l i st > )  }

pr edi cat e  name   <pr edname>  i s a bl ock  of   char act er s  begi nni ng  
wi t h a l et t er ,  can cont ai n l ower  and upper  case l et t er s,  di gi t s,  or  
' _'

l i st   of   var i abl es   <var l i st >  i s  a  bl ock  <var name>  ,   . . .   ,  
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<var name>

var i abl e name  <var name>  i s a bl ock of  char act er s begi nni ng wi t h a 
l et t er ,  can cont ai n l ower  and upper  case l et t er s,  di gi t s,  or  ' _'

ar r ow  <ar r ow>  i s a bl ock     {  <l ar r ow> <cvpf >}  <r ar r ow>

l ef t  ar r ow  <l ar r ow>  i s a bl ock of  one or  mor e ' ='

r i ght   ar r ow  <r ar r ow>  i s a bl ock of  one or  mor e ' ='   f ol l owed  by 
' >'

cer t ai nt y  val ue  pr opagat i on  f unct i on   <cvpf >   i s  a  bl ock  of  
char act er s  begi nni ng wi t h a l et t er ,   can cont ai n l ower   and  upper  
case l et t er s,  di gi t s,  or  ' _'

r i ght  hand si de  <r hs>  i s a bl ock   {  <si gn> }  <pr ed> {  <t di r > }

( 4)    McESE COMPONENTS.

( 4. 1)  McESE sour ce knowl edge base:

      McESE  sour ce knowl edge base consi st s of  t wo  separ at e  set s:  
t he  set  ( RSET)  of  McESE r ul es ( i n descr i pt i ve f or m) ,   and t he  set  
( FSET)  of  cor r espondi ng cvpf ' s ( i n pr ocedur al  f or m) .  I n addi t i on t o 
t he above ment i oned synt ax of  McESE r ul es,  each r ul e has t o sat i sf y 
t he condi t i on t hat  al l  pr edi cat e var i abl es occur r i ng i n  pr edi cat es 
of  t he LHS,  must  be var i abl es of  t he RHS pr edi cat e,  and vi ce ver sa,  
al l   RHS pr edi cat e var i abl es must  occur  as pr edi cat e  var i abl es  of  
some pr edi cat e of  t he LHS.  Ther e al so ar e r est r i ct i ons on t he whol e 
RSET,  namel y t hat
      ( a)  Ther e shoul d be no subset  of  r ul es f or mi ng a cl ose cycl e,  
e. g.   subset  l i ke t hi s:   A & B => C,   C & D => E,  E & F => A,  si nce 
t he  i nf er r i ng  mi ght   be goi ng on i n t hi s  cycl e  wi t hout   get t i ng 
anywher e.  Besi des,  cycl es l i ke t hi s ar e cousi ns of  t aut ol ogi es l i ke 
" A i mpl i es A" ,  whi ch cannot  car r y any r el evant  i nf or mat i on and t hus 
ar e usel ess as a knowl edge r epr esent at i on vehi cl e;  and
      ( b)  The same pr edi cat e can occur  i n mor e t han one r ul e as t he 
RHS or  t he LHS pr edi cat e.  But  each occur r ence of  t he pr edi cat e must  
have  t he same number  of  var i abl es ( t hough t he var i abl es  can  have 
di f f er ent  names) .

       Why no r ul es wi t h di sj unct i ve LHS wer e consi der ed?

      Di sj unct i on  on t he LHS of  r ul es can be easi l y emul at ed by  a 
si mpl e set  of  McESE r ul es ( " A v B => C"  can be emul at ed by a set  of  
t wo  McESE  r ul es,   " A  => C"  and " B => C" )  wi t h  no  l oss  of   t he 
pr ocessi ng  speed and/ or  expr essi veness of  t he  f or mal i sm.   On  t he 
ot her  hand,  a McESE set  of  r ul es wi t h t he same RHS pr edi cat e shoul d 
be  vi ewed as a case of  a di sj unct i on.   The pr i ce t o pay  f or   t hi s 
appr oach  i s t he need f or  r ul e r esol ut i on wi t h al l  i mpl i cat i ons  i t  
has f or  t he cer t ai nt y val ue of  t he pr edi cat e bei ng eval uat ed.

      The mai n r eason t o use r ul es wi t h pur el y conj unct i ve LHS  was 
psychol ogi cal .    We   have  f ound  t hat   peopl e  pr ef er    t o   l i st  
event ual i t i es one by one,   r at her  t han i n a di sj unct i on.   I t   seems 
mor e nat ur al  and easi er  t o compr ehend.  Thus,  we have deci ded t o pay 
t he  pr i ce  ( r ul e r esol ut i on i n t he f or m of   i nf er r i ng  modes)   and 
accommodat e our  human user  pr ef er ences.

      FSET  i s  a  set  of  pr ogr ams i n t he l anguage  of   t he  chosen 
ext ensi on,   t he  onl y  r equi r ement   bei ng t hat   t hey  had  as  many 
ar gument s  as t he r ul e t hey ar e r ef er r ed t o i n has LHS  t er ms,   and 
t hat   t hei r  ar gument s wer e r eal  val ues bet ween 0 and  1  i ncl usi ve,  
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and  t hat   t hey  r et ur ned r eal  val ues bet ween 0 and 1 i ncl usi ve,  or
- 1.   Fr om t he l ogi cal  poi nt  of  v i ew,   t hey must  be  non- decr easi ng,  
i . e.   when a cer t ai nt y val ue of  a t er m i ncr eases,  t he cer t ai nt y f or  
t he  whol e  LHS  ( as r epr esent ed by t he cvpf )   must   not   decr ease.  

      Cl ear l y,   t he  cvpf   i s an i mpor t ant  par t  of   t he  heur i st i cs 
capt ur ed i n a r ul e.  Thus,  we cannot  cl ai m t hat  t he domai n knowl edge 
st or ed  i n  a  knowl edge base  i s  pur el y  decl ar at i ve.   The  r ul es 
t hemsel ves  ar e decl ar at i ve,   but  t he cvpf ' s ar e  pr ocedur al ,   even 
t hough t hei r  pur pose i s not  r eal l y pr ocedur al .

      Al t hough  RSET  and FSET ar e mai nt ai ned  i n  separ at e  f i l es,  
McESE  bui l t - i n edi t or  al l ows t he user  t o edi t  bot h par t s  t oget her  
i n t wo wi ndows on t he scr een.  Thi s si mpl i f i es t he t ask of  knowl edge 
and sof t war e engi neer i ng wi t h McESE.

( 4. 2)  McESE compi l ed knowl edge base:

      The McESE sour ce knowl edge base as a set  of  r ul es ( RSET)   and 
a  set   of  cvpf ' s ( FSET)  i s a st r uct ur e wel l  sui t ed  t o  st or e  t he 
desi r ed   knowl edge   i n  i t s  decl ar at i ve  and   pr ocedur al    f or m 
r espect i vel y,    sui t abl e  f or   humans  t o  under st and,   modi f y  and 
mani pul at e  easi l y.   But  f or  many r easons i t  i s not  a  wel l   sui t ed 
st r uct ur e  f or   a comput er  pr ogr am t o access and " i nf er "   wi t h  i t .  
Thus,   McESE  f i r st   " compi l es"   t he knowl edge  base  i nt o  a  dat a 
st r uct ur e whi ch may be vi sual i zed as a t r ee capt ur i ng t he essent i al  
r el at i ons  bet ween pr edi cat es.   Let  us i l l ust r at e t hi s on  a  smal l  
exampl e.

      Assume  t hat   RSET  cont ai ns  f our   hypot het i cal   r ul es  ( f or  
si mpl i c i t y wi t h no " meani ng" ) :

      R1:  P1( x, y) [ >=. 3]  & ~P2( x, z) [ <. 1] &P3( y) =F1=>P6( x, y, z) [ >=. 7]
      R2:  P2( x, y) &~P4( y) =F2=>~P7( x, y)
      R3: ~P7( x, y) &P5( z) [ <=. 67] =F3=>P8( x, y, z) [ >=. 2]
      R4: P8( a, b, c) &P9( b) =F4=>P6( a, b, c)

      The  compi l ed ver si on of  i t  can be pi ct ur ed as t he  f ol l owi ng 
knowl edge t r ee ( see Fi g.  2) :
             - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |
             |                                         |



tr_mcese.asc                                                                    Page 9

             - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

                              Fi g.  2

      The pr edi cat es ar e sor t ed i nt o l evel s;  t he l evel  0 pr edi cat es 
ar e  t hose  whi ch  occur   onl y  i n LHS  t er ms  of   some  r ul es  ( as 
P1, P2, P3, P4, P5, P9) .   Pr edi cat es  whi ch occur  i n RHS t er ms  of   some 
r ul es ar e assi gned t hei r  l evel s accor di ng t o t hi s f or mul a:  f i nd t he 
LHS  pr edi cat e wi t h t he hi ghest  l evel  i n t he r ul e t he pr edi cat e  i n 
quest i on  i s i n t he RHS t er m.   Than t he l evel  of  t he RHS  pr edi cat e 
wi l l   be one hi gher .   I f  t he pr edi cat e occur s i n mor e r ul es as  t he 
RHS pr edi cat e,   i t s l evel  i s t he maxi mal  one assi gned t o  accor di ng 
t o each i ndi vi dual  r ul e.   Thus P7 has l evel  1 as al l  LHS pr edi cat es 
of  r ul e R2 have l evel  0.   On t he ot her  hand,   P8 has l evel  2 as t he 
LHS pr edi cat e of  r ul e R3 wi t h t he hi ghest  l evel  i s P7,   t hus  l evel  
of  P8 i s ( l evel  of  P7 + 1) ,  i . e.  2.  Fr om r ul e R1 f ol l ows t hat  l evel  
of   P6 i s 1,   s i nce al l  LHS pr edi cat es of  R1 have l evel  0.   On  t he 
ot her  hand,   f r om r ul e R4 f ol l ows t hat  l evel  of  P6 i s 3,   as P8  as 
t he LHS wi t h t he hi ghest  l evel ,   i . e.   2.  Ther ef or e,  l evel  of  P6 i s 
3.

      Si nce a McESE sour ce knowl edge base must  be  cycl e- f r ee,   al l  
pr edi cat es  can  be  sor t ed  i nt o  l evel s  ( as  wi t h  any   acycl i c 
undi r ect ed  gr aph) .    I n  f act ,    t he  pr ocedur e  f or   sor t i ng  t he 
pr edi cat es  i nt o  l evel s  i s  used by t he  compi l er   t o  check  f or  
possi bl e  cycl es.   See  t he appendi x f or   compl et e  descr i pt i on  of  
component s of  knowl edge t r ee.

      McESE  compi l er   par ses  sour ce  RSET  pr ovi di ng  synt act i cal  
checki ng  of  r ul es,   pr ovi di ng as wel l  ot her  checki ng as  descr i bed 
above,   and  bui l ds t he knowl edge t r ee i n mai n memor y wi t h  addr ess 
l i nks  r el at i ve  t o  t he begi nni ng of   t he  knowl edge  t r ee.   Af t er  
successf ul  compi l at i on t he r esul t i ng dat a st r uct ur e i s r ecor ded  i n 
a di sk f i l e.

      When a knowl edge base i s open i n an appl i cat i on,  McESE l oader  
l oads  f r om  di sk  i nt o  mai n  memor y  t he  knowl edge  t r ee   whi l e 
absol ut i z i ng  addr ess l i nks.   McESE- Fr anzLI SP and McESE- SCHEME  can 
al so l oad  cor r espondi ng FSET dynami cal l y.  McESE- C does not  have an 
on- l i ne  dynami c l oader  f or  compi l ed C code avai l abl e yet ,   so  f or  
t he t i me bei ng al l  FSET' s r equi r ed by an appl i cat i on must  be l i nked 
t o i t  dur i ng compi l at i on.

( 4. 3)  McESE i nf er ence engi ne and i nf er r i ng:

      McESE   i nf er ence   engi ne   pr ovi des   t he   mechani sm   f or  
" i nf er r i ng" .   I t  can wor k i n t wo basi c modes,   f or war d chai ni ng and 
backwar d chai ni ng.

      Backwar d  chai ni ng f r om a gi ven pr edi cat e ( node)   wi t h  gi ven 
bi ndi ngs f or  i t s var i abl es i s per f or med as dept h- f i r st  wal k down t o 
l evel   0  nodes  ( wi t h si mul t aneous  pr opagat i on  of   bi ndi ngs  f or  
pr edi cat e var i abl es) ,   " sel ect i ng"  t he appr opr i at e subt r ee  l eadi ng 
t o  t he  node  bei ng eval uat ed ( t her e may be  mor e  t han  one  such 
subt r ee) .   Onl y  t he r equi r ed 0 l evel  nodes ar e act i vat ed  ( and  so 
appr opr i at e known f act s ar e f et ched and/ or  appr opr i at e obser vat i ons 
ar e  made)  and t hen t he r esul t i ng cer t ai nt y val ues  ar e  pr opagat ed 
( and r ecor ded i n t he knowl edge t r ee,  t oo)  back t hr ough t he sel ect ed 
subt r ee t o t he r equi r ed node.   The backwar d chai ni ng mode has  f our  
submodes  whi ch  amount   t o r ul e  conf l i ct   r esol ut i on:   max  mode,  
suf f i c i ent  max mode,   mi n mode,  and suf f i c i ent  mi n mode.  Suf f i c i ent  
max ( mi n)  mode sear ches f or  a subt r ee whi ch eval uat es t he  r equi r ed 
node  t o a cer t ai nt y val ue bi gger  ( l ess)  or  equal  t o t he  speci f i ed 
val ue,   t hen t he chai ni ng st ops and t hi s val ue i s r et ur ned,   or   i f  
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such a subt r ee i s not  f ound,   " f ai l ur e"  i s r et ur ned.   The max ( mi n)  
mode eval uat es al l  possi bl e subt r ees and r et ur ns t he max,   i . e.  t he 
hi ghest  val ue ( t he mi n,  i . e.  t he l owest  val ue r espect i vel y) .

      For war d  chai ni ng i s i mpl ement ed onl y f r om 0 l evel  up,   t o  a 
speci f i ed l evel .   Speci f i ed nodes f r om l evel  0 and t hei r  ascendant s 
up  t o t he speci f i ed l evel  ar e eval uat ed and t hei r  val ues  r ecor ded 
i n t he knowl edge t r ee.

      The  i nf er ence  engi ne  can  wor k i n  t wo  modes  as  f ar   as 
expl ai ni ng what  i t  i s doi ng:   t he si l ent  mode when al l  i nf er r i ng i s 
t r anspar ent  t o t he user  and onl y t he r esul t i ng val ue i s  avai l abl e,  
or  i n t r ace mode when al l  i nf er r i ng i s done on t he scr een,   r ul e by 
r ul e,   pr edi cat e by pr edi cat e,   wi t h al l  r el evant  i nf or mat i on bei ng 
di spl ayed,   t oo.   The  t r ace mode i s usef ul  mai nl y f or  t est i ng  and 
debuggi ng of  knowl edge bases.

      A r un t i me consi st ency checki ng t akes pl ace:  onl y t he mi ni mal  
and  maxi mal  val ues f or  a pr edi cat e ar e  r ecor ded.   The  di f f er ence 
bet ween  t hese  t wo i s t he i nconsi st ency  l evel .   McESE  al l ows  t o 
pr eset   f or   t he  knowl edge base what  i nconsi st ency  l evel   can  be 
t ol er at ed.   I f  t he i nconsi st ency l evel  t ol er ance i s exceeded,  ALARM 
i s i ssued and t he i nf er r ed val ue i s r et ur ned t o t he appl i cat i on.

      Al so,   a  r un t i me compl et ness checki ng t akes pl ace:   i n  t he 
case a pr edi cat e cannot  be eval uat ed,   ALARM i s al so i ssued and  - 1 
i s r et ur ned by t he i nf er ence engi ne.
 
      For   each  McESE knowl edge base t he user   can  speci f y  ALARM 
pr ocedur e  whi ch  i s aut omat i cal l y i nvoked by McESE when  ALARM  i s 
i ssued.  I n t hi s pr ocedur e t he user  can def i ne what  shoul d be done.

      An  i nvocat i on of  t he i nf er ence engi ne f r om  t he  appl i cat i on 
const i t ut es one i nf er ence cycl e.   Any of  t he val ues r ecor ded i n t he 
knowl edge  t r ee as r esul t s of  backwar d or  f or war d  chai ni ng  wi t hi n 
t he l ast  i nf er ence cycl e can be f et ched t o t he appl i cat i on.

      Let  us i l l ust r at e some i nf er r i ng wi t h t he smal l  exampl e  of  a 
knowl edge base f r om 4. 2 ( see Fi g.  2) :

      Let  us ask f or  t he " max"  eval uat i on of  P6( X, Y, Z) .   Fi r st   t he 
var i abl es of  P6 ar e bound t o X,   Y,  and Z.  Then t hese  bi ndi ngs ar e 
passed t o R4.   Fr om t her e t he var i abl e of  P9 i s  bound t o Y and t he 
var i abl es of  P8 ar e bound t o X,  Y,  and  Z.  Fr om P8 t he bi ndi ngs ar e 
passed t o R3.   Fr om t her e t he  var i abl es of  P7 ar e bound t o X,   and 
Y,   and t he var i abl e of   P5 i s bound t o Z.  Fr om P7 t he bi ndi ngs ar e 
passed  t o R2 and  f r om t her e t he var i abl e of  P2 i s bound t o X  and 
t he   var i abl e of  P4 i s bound t o Y.   By now t he pr oper  subt r ee  f or   
eval uat i on  has been sel ect ed and t he bi ndi ngs wer e passed  t o  t he 
pr edi cat es of  l evel  0 ( P9,  P2,  P4,  and P5) .  Now  t hese ( obser vabl e)  
f act s  ar e eval uat ed ( by t he pr edi cat e ser vi ce pr ocedur es)  and  t he 
number s  ( i . e.   cer t ai nt y val ues)  ar e  r et ur ned ( f or   exampl e  0. 9,  
0. 8,  0. 6,  0. 6 r espect i vel y) .  P7 i s  eval uat ed t o c7 = 1 -  F2( 0. 8, 1-
0. 6)  = 1 -  F2( 0. 8, 0. 4) ,   say c7 = 0. 3 .   I n  or der  t o eval uat e  P8,  
f i r st  al l  l ef t  hand si de t er ms of  R3  ar e eval uat ed,   i . e.   1 - 0. 3,  
0. 6 [ <= 0. 67] ,   i . e.   0. 7 and 1.  Hence  t he val ue of  t he r i ght  hand 
si de t er m i s F3( 0. 7, 1) ,  say 0. 12.   Thus c8 = 0. 12 [ >= 0. 2]  = 0.  Now 
P6 i s eval uat ed vi a R4 t o c6 = F4( 0, 0. 9) ,   say 0. 75.   That  was  t he 
f i r st  eval uat i on ( vi a  t he subt r ee det er mi ned by t he r ul es R4,   R3,  
and R2) .   But  P6 can be eval uat ed vi a t he t he subt r ee det er mi ned by 
t he  r ul e R1 as wel l .  Thus,  t he bi ndi ngs of  t he var i abl es of  P6 ar e  
passed t o R1,   f r om t her e t he var i abl es of  P1 ar e bound t o  X,   and 
Y,  and t he var i abl es of  P2 ar e bound t o X,  and Z,   and t he var i abl e 
of  P3 i s bound t o Y.  Now t hese  ( obser vabl e)  f act s ( P1,  P2,  and P3)  
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ar e  eval uat ed  ( by t he pr edi cat e ser vi ce  pr ocedur es) ,   and  t hei r  
cer t ai nt y val ues ( f or   exampl e 0. 3,   0. 8,  and 0. 5)  r et ur ned.  ( Not e,  
t hat  P2 was used  i n bot h eval uat i ons. )  Now t he LHS t er ms of  R1 ar e 
eval uat ed:    0. 3 [ >= 0. 3] ,   ( 1 -  0. 8)  [ < 0. 1] ,  0. 5,  hence 1,  0,  0. 5 
and so t he RHS t er m i s eval uat ed t o F3( 1, 0, 0. 5) ,   say 0. 6.  Then t he  
val ue of  P8 i s 0. 6 [ >= 0. 2] ,   i . e.   t he val ue of  P6 i s 1.  Si nce  we 
asked  f or   t he  " max"   eval uat i on,   t he  val ue  r et ur ned  t o   t he 
appl i cat i on pr ogr am wi l l  be 1.

( 4. 4)  Expl anat i on component :

      As a si mpl e expl anat i on mechani sm t he i nf er ence engi ne  keeps 
t r ack of  t he subt r ee used f or  t he max eval uat i on f or  each pr edi cat e 
eval uat ed  dur i ng t he l ast  i nf er ence cycl e ( and si mi l ar l y  f or   t he 
mi n eval uat i on) ,   and di spl ays i t  when asked f or ,  t oget her  wi t h t he 
i nput  dat a whi ch af f ect ed t he par t i cul ar  val ues of  f act s on l evel  0 
at  t he t i me of  t he eval uat i on.   Thus,   t he user  can t r ace back  any 
i nf er ence  t o  t he  f act s  and obser vat i ons of   l evel   0  ( mor e  on 
expl anat i ons see [ NSH] ) .

( 5)    SEMANTI CS OF McESE COMMANDS.

compi l e  a  sour ce RSET :   par ses t he RSET t o  pr ovi de  synt act i cal  
check,   per f or ms  ot her  checks on r ul es,   bui l ds knowl edge t r ee  i n 
mai n memor y and st or es t he f i nal  dat a st r uct ur e i n a di sk f i l e.

l oad l oads a compi l ed RSET f r om di sk t o mai n memor y,  i f  successf ul ,  
a r set i d ( r set  i d)  i s r et ur ned.

di scompi l e r ecover s t ext ual  f or m of  r ul es f r om a knowl edge t r ee  i n 
mai n memor y,  di spl ays i t  wi t h some vi t al  st at i st i cs.

open  opens a knowl edge,   i . e.   l oads a compi l ed RSET f r om di sk  t o 
mai n memor y,   l oads compi l ed FSET,   and checks t he compat i bi l i t y of  
t he RSET wi t h t he FSET.   I f  successf ul ,   a kbi d ( knowl edge base i d)  
i s r et ur ned.

di spl ay  di spl ays  an  open  knowl edge  base,    i . e.    i t   i s  l i ke 
" di scompi l e"   except  t he st at i st i cs i ncl udes i nf or mat i on  f r om  and 
about  FSET.

l ast - open r et ur ns t he kbi d of  t he most  r ecent l y opened knowl edge.
 
l ast - l oad r et ur ns t he r set i d of  t he most  r ecent l y l oaded RSET.

cl ose cl oses t he speci f i ed knowl edge base,   i . e.   compi l ed RSET  i s 
unl oaded f r om mai n memor y,  FSET i s goi ng t o be i gnor ed.

unl oad unl oads a l oaded RSET f r om mai n memor y.

show- i nc   r et ur ns  t he  i nconsi st ency  l evel   t ol er ance  f or    t he 
speci f i ed open knowl edge base.

set - i nc r e- set s t he i nconsi st ency l evel  t ol er ance f or  t he speci f i ed 
open knowl edge base.

show- al ar m  r et ur ns t he name of  ALARM pr ocedur e f or   t he  speci f i ed 
open knowl edge base.

set - al ar m  r e- set s  t he name of  ALARM pr ocedur e f or   t he  speci f i ed 
open knowl edge base.

maxi nf er   per f or ms backwar d chai ni ng i n t he max mode on  t he  gi ven 
open knowl edge base f or  t he speci f i ed pr edi cat e and i t s  ar gument s.  
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The max val ue i s r et ur ned.

maxi nf er - t r ace   i s  as  " maxi nf er "   except   t hat    t he   r ecur si ve 
eval uat i on i s cont i nuousl y di spl ayed on scr een.

suf maxi nf er  per f or ms backwar d chai ni ng i n suf f i c i ent  max mode  wi t h 
t he speci f i ed cut of f  val ue on t he gi ven open knowl edge base f or  t he 
speci f i ed pr edi cat e and i t s ar gument s .  The max val ue i s r et ur ned.

suf maxi nf er - t r ace  i s  as " suf maxi nf er "  except  t hat   t he  r ecur si ve 
eval uat i on i s cont i nuousl y di spl ayed on scr een.

mi ni nf er   per f or ms backwar d chai ni ng i n t he mi n mode on  t he  gi ven 
open knowl edge base f or  t he speci f i ed pr edi cat e and i t s  ar gument s.  
The mi n val ue i s r et ur ned.

mi ni nf er - t r ace   i s  as  " mi ni nf er "   except   t hat    t he   r ecur si ve 
eval uat i on i s cont i nuousl y di spl ayed on scr een.

suf mi ni nf er  per f or ms backwar d chai ni ng i n suf f i c i ent  mi n mode  wi t h 
t he speci f i ed cut of f  val ue on t he gi ven open knowl edge base f or  t he 
speci f i ed pr edi cat e and i t s ar gument s.  The mi n val ue i s r et ur ned.

suf mi ni nf er - t r ace  i s  as " suf mi ni nf er "  except  t hat   t he  r ecur si ve 
eval uat i on i s cont i nuousl y di spl ayed on scr een.

eval   r et ur ns t he val ue of  t he gi ven pr edi cat e i nf er r ed dur i ng  t he 
l ast  i nf er ence cycl e.

f or war d per f or ms f or war d chai ni ng f or  t he speci f i ed gr oup of   l evel  
0 pr edi cat es t o t he speci f i ed l evel .

( 6)    COMPLETENESS OF McESE KNOWLEDGE BASES.

      At   t hi s  poi nt ,   f or  t he sake of  cl ar i t y  of   t he  f ol l owi ng  
di scussi on,  we' d l i ke t o make a f ew def i ni t i ons.
       
      By  a  domai n  we  mean  a  " pi ece"   of   an  abst r act    wor l d  
cor r espondi ng t o a " pi ece"  of  r eal  wor l d,   whi ch we wi l l   cal l   t he 
domai n r eal i zat i on.

      By  knowl edge we mean t he " know how"  t o sol ve  " pr obl ems"   i n  
t he  chosen  domai n,   ver y  of t en we r ef er  t o  i t   as  t he  " domai n  
knowl edge" .   By  domai n i nf or mat i on we mean t he i nf or mat i on   about  
t he  st at e  of  t he cur r ent  r eal i zat i on of  t he  domai n   t he  domai n 
knowl edge  i s  supposed t o deal  wi t h.   To  i l l ust r at e  t hi s  on  an 
exampl e,   r ecal l   t he  r ul e  ( f r om t he  domai n  of   t he  car d  game 
Canast a)    we  have  di scussed  bef or e:  

      " opponent _col l ect ( x)  & used_st ck_hi gh =F=> ~di scar d( x) "

Thi s  i s  a pi ece of  t he domai n knowl edge.   To use t hi s  pi ece   of  
knowl edge,   we  need some domai n i nf or mat i on,   namel y what   i s  t he 
st at e  of   af f ai r s i n t he domai n of  t he cur r ent   game   of   Canast a 
( whi ch  i s t he Canast a domai n r eal i zat i on) ,   i . e.    what   does  t he 
opponent  col l ect  and how hi gh i s t he used  st ack.

      Ther e   ar e  t hr ee  di f f er ent   aspect s  of   knowl edge   bases  
r ef er r ed t o as " compl et eness" .

      One   r eal l y  means  " compl et eness  of    domai n   i nf or mat i on  
avai l abl e"  and i s i nt i mat el y t i ed t o t he i ssue of  r ul e  f i r i ng wi t h 
mat chi ng   of   t hei r   LHS' s.    Thi s  t ype   of   i ncompl et eness   i s 
accommodat ed  i n  i nf er r i ng  wi t h  McESE  knowl edge  bases  by  t he 
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mechani sm of  uncer t ai nt y  ( cvpf ' s and t hr eshol d di r ect i ves) .   Ever y 
mat chi ng  of   a  l ef t  hand si de i s " compl et e"  i n  t hi s  sense,   but  
var i es  i n   degr ee  ( r ef l ect i ng t he  degr ee  of   avai l abl e  domai n  
i nf or mat i on  about  t he cur r ent  st at e of  t he  domai n   r eal i zat i on) ,  
t hi s  pr oj ect s i nt o t he degr ee ( cer t ai nt y  val ue)  of  t he  RHS  si de 
t er m.

      Anot her  " compl et eness"  r ef er s t o " compl et eness of  t he  domai n 
knowl edge"   and may be expr essed as " i s t he knowl edge   r epr esent ed 
i n  t he  knowl edge  base compl et e f or  t he  t ask?" .    Ther e  ar e  no 
met hods shor t  of  eval uat i ng al l  possi bl e  pr obl ems i n t he domai n t o 
ver i f y  t hi s  k i nd  of  compl et eness   ( t hough  i t s  negat i on,   i . e.  
i ncompl et eness,   may be ver i f i ed  by a pr obl em not  sol vabl e by  t he 
r epr esent ed  knowl edge) .    McESE  does not  addr ess t hi s  i ssue  and 
l eaves  i t   t o  t he   user   t o make  sur e  hi s  knowl edge  base  i s 
" adequat e"  t o t he  t ask.

      Si nce  some  peopl e l i ke t o vi ew knowl edge bases as  set s  of   
l ogi c f or mul ae ( see e. g.  [ LMP] ) ,  a t er m " compl et eness"   may be t hen 
used i n t he l ogi c sense,   meani ng t hat  ei t her   ever y f or mul a or  i t s 
negat i on  may be deduced f r om i t .    These t ypes of  knowl edge  bases 
ar e  consi der ed  most  of t en  i n t he cont ext  of   l ogi c  pr ogr ammi ng.  
McESE knowl edge  bases cannot  be vi ewed as set s of  l ogi c  f or mul ae.  
The   i ssue i s not  t he st r engt h of  expr essi bi l i t y of   McESE   r ul es 
and  how t hey r ef l ect  t o l ogi cal  f or mul ae,   but  t he  f act   t hat   no 
deduct i on  wi t h t he r ul es i s done at  al l .   I n  t he l ogi c sense  one 
may  deduce  t hi nks  whi ch ar e not    expl i c i t l y  cont ai ned  i n  t he 
knowl edge base i t sel f ,   i . e.   t hey ar e i mpl i c i t  wi t h r espect  t o t he 
knowl edge base ( or   bet t er  yet ,  t hey f ol l ow i mpl i c i t l y by deduct i on 
f r om  t he   asser t i ons  i n t he knowl edge base) .   I n  McESE  we  can  
" r eason"   onl y  about   t hi ngs whi ch ar e  expl i c i t l y  asser t ed   and 
cont ai ned   i n   t he  knowl edge  base.    Wi t h   r espect    t o   t hi s  
expl i c i t ness,  t her e i s no poi nt  t o t al k about  l ogi cal   compl et eness 
of  McESE knowl edge bases.   On t he ot her  hand,   McESE knowl edge base 
shoul d  be  abl e t o eval uat e any pr edi cat e.   Si nce  t he  eval uat i on 
depends on i nput  dat a,  st at i c check i s pr act i cal l y i mpossi bl e.  Thus 
we opt ed f or  a si mpl e r un t i me check ( see ( 4. 3) ) .

( 7)    CONSI STENCY OF McESE KNOWLEDGE BASES.

      The t er m " consi st ency"  i s al so used wi t h di f f er ent   meani ngs,  
t hough  t hey ar e much cl oser .   Most  of t en i t  means  t hat  gi ven  t he 
knowl edge  base  and  t he i nput  dat a,   one  cannot   " ar r i ve"   t o  a 
cont r adi ct i on.   Thi s i s a weaker  f or m  t han t he l ogi c  consi st ency,  
meani ng t hat  one cannot  deduce  a f or mul a and i t s negat i on f r om t he 
gi ven set  of  f or mul ae.    As di scussed bef or e,   wi t h r espect  t o  t he 
expl i c i t ness  of    McESE  knowl edge bases,   t her e i s  no  poi nt   t o 
consi der  t he  l ogi c compl et eness of  t hese.   But  i n any case,  st at i c 
check   f or  consi st ency i s har d and comput at i onal l y  expensi ve.   To  
check i f  a pr oposi t i onal  f or mul a t oget her  wi t h a  consi st ent  set  of  
pr oposi t i ons  f or m  a  consi st ent  set   i s   NP- compl et e  ( see  e. g.  
[ LMG] ) .  The consi st ency of   expl i c i t  knowl edge bases ( as i n case of  
McESE knowl edge  bases)  may not  be t hat  expensi ve t o check,  f or  one 
does   not  have t o go beyond t he t er ms expl i c i t l y i n t he  knowl edge  
base,  but  i t  may be ( and usual l y i s)  compl i cat ed by t he  i nput  dat a 
gi vi ng t he t er ms i n t he knowl edge base  di f f er ent  val ues.   I n McESE 
knowl edge  bases,   t hanks t o  t hei r  st r at i f i cat i on i nt o l evel s  and 
t hei r   expl i c i t ness,   t he  onl y  sour ce of   a  possi bl e  ( expl i c i t )   
cont r adi ct i on may be an occur r ence of  a set  of  r ul es wi t h  t he same 
pr edi cat e  on  t he r i ght  hand si de.   The  st at i c   check  ( i . e.   i n 
compi l at i on  t i me) ,   whi ch  i s mor e or   l ess   synt act i cal ,   cannot  
det ect  t he possi bi l i t y of  a pr edi cat e  bei ng eval uat ed  di f f er ent l y 
by  di f f er ent   r ul es as t hese  eval uat i ons depend  on  i nput   dat a.  
Thus,  we opt ed f or  a r un  t i me check,  when t he user  may speci f y how 
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" i nconsi st ent "    t he  knowl edge  base  can  be  and  i n  case   t he 
" i nconsi st ency"    l evel   i s cr ossed,   an al ar m  i s  t r i gger ed  ( see 
( 4. 3) ) .

( 8)    " DEEP KNOWLEDGE"  VERSUS " SHALLOW KNOWLEDGE" .

      Exper t   syst ems of  t he so- cal l ed f i r st  gener at i on  deal   wi t h  
what  i s cal l ed " shal l ow knowl edge" ,   i . e.  t he knowl edge  bei ng j ust  
a  set   of  heur i st i cs,   wi t hout  any " deep"    under st andi ng  of   t he 
domai n,   wher e al l  concept s ar e t r eat ed  uni f or ml y i n a homogeneous 
way.   On  t he  ot her  hand,   so- cal l ed " deep  knowl edge"   cal l s  f or  
expl i c i t   model s  of   t he   domai n  embodyi ng  " under st andi ng"    of  
di f f er ent  concept s  wi t hi n t he domai n.  Ther e have been qui t e st r ong 
cl ai ms  wi t h   r egar d t o exper t  syst ems of   t he  second  gener at i on 
usi ng   t hi s  " deep knowl edge"  ( see e. g.   [ NSM] ) ,   but  we  t end  t o  
agr ee  wi t h [ S]  t hat  t hese ar e most l y unsuppor t ed  by   subst ant i al  
pr act i cal   demonst r at i ons  yet .   Bei ng gui ded by   our   pr agmat i cal  
goal s,   McESE bel ongs among f i r st   gener at i on exper t  syst ems,   wi t h 
al l  t he consequences f or   expl anat i ons and knowl edge acqui si t i on.
 
( 9)    EXPLANATI ONS I N McESE.

      McESE addr esses t hi s i ssue onl y super f i c i al l y as most  of   t he 
f i r st  gener at i on exper t  syst ems do,   i . e.  t he  expl anat i on consi st s 
of   t he  t r ace of  whi ch r ul es have been  " f i r ed"  t o ar r i ve  t o  t he 
concl usi on  t oget her   wi t h  t he  i nput   dat a  r esponsi bl e  f or   t he 
par t i cul ar  eval uat i on.   Ther e  have been numer ous di scussi ons about  
t he f act  t hat   expl anat i ons of  t hi s nat ur e ar e not  ver y  convi nci ng 
( see    e. g.    [ S] ,    but    t he  f act   i s  t hat    wi t hout    " deeper   
under st andi ng"  bei ng somehow embodi ed i n t he knowl edge   base,   t he 
expl anat i ons cannot  r eal l y go beyond t hi s.   One  may,  t hough,  t r eat  
t he  expl anat i ons as a domai n of  i t s own  and t r y t o f or mal i ze  t he 
knowl edge  needed t o do so mor e  convi nci ngl y f or  a knowl edge  base 
accompanyi ng  t he  one  used  f or  sol vi ng  pr obl ems.   Thi s  i s  t he 
cur r ent   i nt er est  i n our   r esear ch and we do pl an t o enhance  McESE 
i n t hi s f ashi on.

( 10)   KNOWLEDGE ACQUI SI TI ON I N McESE.

      As st at ed many many t i mes,  knowl edge acqui si t i on i s t he  r eal  
bot t l eneck  of  exper t  syst ems devel opment .   I t  i s ver y har d t o  get   
and f or mal i ze domai n knowl edge,  and t he t ask i s t i me  consumi ng and 
seemi ngl y  endl ess.   Besi des t hat ,   t he  domai n knowl edge may  ( and 
wi l l )   di f f er   f r om one human exper t  t o anot her .   Ther e  ar e  hopes 
( and  cl ai ms)  t hat  t he use of  " deep knowl edge"  exper t  syst ems  wi l l  
al l evi at e  t hi s   pr obl em  and wi l l  hel p  f aci l i t at e  i n  some  way 
" l ear ni ng"  ( see [ S] ) .  Gi ven  t he cur r ent  st at e of  t he r esear ch i nt o 
t hese pr obl ems,   McESE does not  addr ess i t  i n any way and l eaves i t  
t o t he  poor  user  ( i . e.   knowl edge engi neer )  t o deal  wi t h i t  i n t he  
ol d f ashi on way.  Ther e ar e,  t hough,  some i nt er est i ng  possi bi l i t i es 
f or  " l ear ni ng by obser vat i on"  t he cvpf ' s,    gi ven t he concept s  and 
t hei r   r el at i ons.   Thi s  i s  i n  t he   pl ans  f or   f ut ur e  r esear ch 
concer ni ng McESE.

( 11)   DI SCUSSI ON OF THE TREATMENT OF UNCERTAI NTY I N McESE.
 
      Pr esent l y  t her e ar e t wo basi c appr oaches t o  uncer t ai nt y  i n 
exper t  syst ems.

      The f i r st ,   l i ngui st i c appr oach,   i s what  one may descr i be as  
" r easoni ng about  uncer t ai nt y" ,   wher e l i ngui st i c t er ms ar e  used t o 
deal   wi t h uncer t ai n aspect s of  t he knowl edge ( as we   humans  do) ,  
and t hei r  i nt er pr et at i on and ver i f i cat i on i s  handl ed accor di ng  t o 
t he  " cont ext "   i n  whi ch t hey wer e   posed,   i . e.   c l ose  t o  have 
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di f f er ent  " scal es"  dependi ng on  what  we t al k about .   Thus one  may 
be cl ose t o somet hi ng i f   i t  i s j ust  f ew cent i met er s af ar ,   or   t he 
Ear t h  may be  cl ose t o t he Sun,   wi t h r espect  t o t he si ze  of   our  
gal axy.   The ar gument  of  peopl e f ol l owi ng t hi s l i ne of  t hought  i s a  
pl ausi bl e  one,   namel y t hat  t he knowl edge r epr esent at i on  we   use 
ought   t o  r ef l ect   t he way we communi cat e our  i deas  as   much  as 
possi bl e.   But ,  f r om t he pr agmat i cal   ( comput at i onal )  poi nt  of  v i ew 
t hi s i s not  ( at  l east  at  t hi s  st age)  a ver y pr act i cal  appr oach due 
t o  t he  need  of  a ver y  sophi st i cat ed mechani sm  t o  handl e  t hi s 
i nt er pr et at i on   and    ver i f i cat i on   of    l i ngui st i c   t er ms   of  
uncer t ai nt y.   We  suspect   t hat  t hi s appr oach may be f easi bl e  when 
syst ems  f or    r epr esent at i on and r easoni ng wi t h common  sense  ar e  
devel oped.   For  exampl e see [ CG]  f or  a heur i st i c  t r eat ment  of  t hi s 
t ype.   Ther e  ar e  ot her  schemes i n t hi s   cat egor y,   l i ke  def aul t  
r easoni ng,  but  we t hi nk t hey  addr ess mor e t he pr obl em of  r easoni ng 
wi t h i ncompl et e  and/ or  unr el i abl e knowl edge.

      The  second appr oach i s a numer i cal  one,   wher e  number s  ar e 
empl oyed t o i ndi cat e t he degr ee of  cer t ai nt y,    or  uncer t ai nt y,   or  
what ever  ot her  t er m may be used.  Thi s  seems t o be mor e nat ur al  ( at  
l east  at  t hi s st age)  and t he  f i el d i s r i cher  i n di f f er ent   schemes 
how t o do i t .   We ar e  i ncl i ned t o vi ew t he pr obl em of   uncer t ai nt y 
i n t hi s l i ght ,    gi ven t he f act  t hat  even we,   humans,   ver y  of t en 
have t o use  numer i cal  speci f i cat i ons t o cl ear  some aspect s of   our   
t r ansmi ssi on of  i deas ( e. g.   t he Ear t h i s cl ose t o t he  Sun,    Wi t h 
r espect  t o our  gal axy,  wher e we gi ve t he f r ame of   r ef er ence and/ or  
scal e,   whi ch i s al ways numer i cal  i n i t s  pr i nci pl e) .   When we wer e 
deci di ng  how t o deal  wi t h  uncer t ai nt y i n McESE,   we  wer e  mai nl y 
gui ded  by  admi t t edl y pr agmat i cal  aspect s of  t he pr oposed  syst em.  
Thus   t he  quest i on was whi ch of  many schemes t o  empl oy.   For   an  
excel l ent  over vi ew of  t he f i el d,  see [ G] .  Br i ef l y,  t her e  ar e about  
f our  mai n ways t o deal  wi t h uncer t ai nt y  numer i cal l y.

      Pr obabi l i st i c ( Bayesi an st at i st i cs) ,  whi ch has t he  advant age 
of   a wel l  devel oped t er mi nol ogy,   t echnol ogy and   machi ner y,   and 
al so  i s easi l y compr ehensi bl e t o humans as  we  have  i ncor por at ed 
pr obabi l i t y  i nt o  our  ever yday l i ves  and l anguage.   Some  of   t he 
wor ks  i n t hi s f i el d cl ear l y  i nf l uenced our   t hi nki ng,   especi al l y 
f or   t hei r   c l ear    " t heor et i cal "   appr oach  and  qui t e  i mpr essi ve 
t heor i es ( see  e. g.   [ DP] ,   [ P] ,  [ RP] ) .  But  gi ven t he f act  t hat  one 
has   t o   est abl i sh  a  host   of   condi t i onal    pr obabi l i t i es   i n  
" backgr ound"   t o f aci l i t at e t he compl et e pr obabi l i t y   di st r i but i on 
and/ or  assume t hat  most  of  " event s"  ar e  st at i st i cal l y i ndependent ,  
r ender s t he whol e appr oach  comput at i onal l y al most   i mpossi bl e,   or  
one  must  f i t  ( and  t hat  i s t he most  f r equent  case)   hi s  knowl edge  
r epr esent at i on i nt o a f i xed scheme sat i sf yi ng t he  under l yi ng  ( and 
of t en  i mpl i c i t   and  hence  " t r anspar ent " )    r est r i ct i ons.    These 
syst ems  have  what  we cal l  one degr ee  of  ad- hocness i n  t hat   t he 
condi t i onal   pr obabi l i t i es  among  t he " event s"   ar e  ad- hoc  ( i . e.  
suppl i ed by t he domai n  exper t ) ,  t hei r  coher ent  pr ocessi ng i s wel l -
est abl i shed and  wel l  under st ood pr ocess,  and so easi l y i nt er pr et ed 
( some   mat hemat i ci ans  t hough ar gue t hat  t he coher ence i s  onl y  a  
super f i c i al  one,   t hat  t he appr oach i s meani ngl ess as t he  " event s"  
i n quest i on ar e not  r eal l y par t  of  a chance  syst em) .
   
      Evi dent i al  appr oach,   most l y based on var i at i ons of  what    i s 
now  commonl y cal l ed Dempst er - Shaf er  t heor y of   bel i ef    f unct i ons,  
pr esupposes  t hat   t he pi eces of  evi dence  ar e   " i ndependent " ,   so 
agai n  one has t o mol d hi s knowl edge  r epr esent at i on i nt o  a  f i xed 
scheme sat i sf yi ng some  ( unf or t unat el y i mpl i c i t  and not  so obvi ous)  
under l yi ng   r est r i ct i ons.   Si mi l ar l y,   as wi t h  t he  pr obabi l i st i c  
appr oach,  t he penal t y t o pay i s t hat  t he syst em becomes  i ncoher ent  
( t heor et i cal l y,   i t  does not  have t o be vi si bl e on  t he per f or mance 
of  t he syst em i n quest i on)  when t hese  under l yi ng r est r i ct i ons  ar e 
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vi ol at ed,    wi t h   no  r ecour se  but    r e- f i t t i ng   t he   knowl edge 
r epr esent at i on i nt o t he r equi r ed f r amewor k.  Si nce t hese schemes ar e 
comput at i onal l y even mor e  t axi ng t han t he pr obabi l i st i c  appr oach,  
appl i cat i ons i n t he  f i el d t end t o si mpl i f y mat t er s by  consi der i ng 
onl y  t he  si mpl est  of  bel i ef  ( suppor t )   f unct i ons.   These  syst ems 
have  what  we cal l  t wo degr ees of  ad- hocness,  f or  t hese  evi dent i al  
suppor t   bel i ef   f unct i ons  must  be suppl i ed  f or    each  pi ece  of  
evi dence t o be consi der ed i n or der  t o get  a  meani ngf ul  i nt er act i on 
among al l  " event s" .   They ar e  pr opagat ed usi ng some ( sl i ght l y  ad-
hoc)  machi ner y of   combi ni ng evi dence ( Dempst er ' s r ul e) ,   and  t hen 
t he r esul t s  must  be i nt er pr et ed ( what  t hey mean) .  The vi ol at i on of   
under l yi ng   const r ai ns   i s  even  l ess  obvi ous   t han   i n   t he  
pr obabi l i st i c case.   On t he ot her  hand,   t her e ar e common   gr ounds 
bet ween t hose t wo,  as i n t he case of  causal  t r ees  ( see [ SS] ) .
       
      The t hi r d appr oach i s " f uzzy l ogi c"  or  " f uzzy set "   appr oach.  
Ther e  ever y  l i ngui st i c  ( uncer t ai n)  t er m  i s   r epr esent ed  by  a 
member shi p f unct i on and t he degr ee of   uncer t ai nt y r ef l ect s i n  t he 
member shi p  f unct i on of  t he  " concl usi on" .   Ther e ar e  some  common 
gr ounds wi t h Dempst er - Shaf er  t heor y ( see [ Z] , [ Z1] ) ,  but  we have not  
seen  a  pr act i cal  appl i cat i on yet  goi ng beyond t he use of  max  and  
mi n   oper at or s   t o   pr opagat e   " cer t ai nt i es"    t hr ough    r ul es 
( cor r espondi ng  t o conj unct i on and di sj unct i on r espect i vel y) .  These 
syst ems have what  we  cal l  t hr ee degr ees of  ad- hocness,  f or  one has 
t o   suppl y   compl et el y  ad- hoc  member shi p  f unct i ons  f or    each  
l i ngui st i c t er m,   t hese ar e pr ocessed wi t h an ad- hoc  mechani sm  t o 
obt ai n some r esul t s,   whose i nt er pr et at i ons ar e  agai n ad- hoc.  Mor e 
t han  i n t he pr evi ous t wo appr oaches,   t he   under l yi ng  const r ai ns 
( wi t h  r espect   t o max and mi n  oper at or s)  ar e so  t i ed,   t hat   t he 
syst em becomes f act ual l y  i ncoher ent  qui t e f ast .

      The f our t h way t o deal  wi t h uncer t ai nt y may be cal l ed  ad- hoc 
syst ems.    Ther e  bel ong  syst ems  wi t h  di f f er ent    mechani sms  of  
pr opagat i ng " cer t ai nt y f act or s"  ( MYCI N -  see [ BS] ) ,   and   so.   The 
l i st  woul d be qui t e l ong.   These syst ems exhi bi t   t hr ee degr ees  of  
ad- hocness  ( ad- hoc  number s t o  st ar t   wi t h,    ad- hoc  pr opagat i on 
mechani sm,    and  ad- hoc  i nt er pr et at i on) .    However ,   t hey  pr oved 
t hemsel ves qui t e wel l  f r om t he  pr act i cal  poi nt  of  v i ew.

      I n  t he l i ght  of  t he above ment i oned  possi bi l i t i es,   bear i ng  
on  our  mi nd one of  our  most  i mpor t ant  goal s ( speed of    execut i on,  
and  t hus  a need of  a si mpl e mechani sm)  we opt ed  f or   a  " hybr i d"  
sol ut i on  exhi bi t i ng  al so  t hr ee  degr ees  of     ad- hocness.    The 
cer t ai nt y  val ues  comi ng i nt o t he knowl edge  t r ees ar e  ad- hoc  i n 
t hat  t hat  t hey ar e r esul t s of   " comput at i ons"  of  l evel  0  pr edi cat e 
pr ocedur es  and r ef l ect  t he user ' s  i deas about  how cer t ai n  he  i s 
about   t hem.   The cvpf ' s ar e  ad- hoc,   f or  i t  i s up t o t he user   t o 
pr ovi de  t hem,   accor di ng   t o  hi s  " f eel i ngs" .   And  f i nal l y  t he 
i nt er pr et at i on of  t he  r esul t i ng val ues i s al so ad- hoc,   f or   t hei r  
i s no  " t heor et i cal "  expl anat i on of  what  t hese number s  mean.    Why 
di d  we opt  f or  a syst em wi t h t hr ee degr ees  of   ad- hocness?  Speed 
i t sel f   woul d  not  j ust i f y i t ,   as havi ng f or   exampl e one  or   t wo 
f unct i ons  t o pr opagat e t he cer t ai nt y  val ues woul d be even  f ast er  
and  mor e conveni ent  f or  t he  user .    ( a)  we f ound syst ems  of   al l  
f our   numer i cal  appr oaches  i nher ent l y i nf l exi bl e.   I n  br i ef ,   you 
have t o " mol d"  t he  r ul es t o f i t  t he syst em,  you have no f r eedom t o 
capt ur e t he  " st r uct ur al "  r el at i onshi ps of  t he pr edi cat es i nvol ved,  
and   t hen wor k on capt ur i ng t he " cer t ai nt y  val ue"   char act er i st i c  
of   t he  r ul e.   Our  appr oach al l ows you t o do i t  i n  t wo   separ at e 
st eps.    ( b)  we f ound t hat  t oo of t en we need di f f er ent    appr oaches 
t o  uncer t ai nt y  wi t hi n a si ngl e knowl edge  base   ( and/ or   cont r ol  
mechani sm) .    Agai n,    cvpf ' s   al l ow   you   t o    " swi t ch"    f r om 
" pr obabi l i st i c"  t o " evi dent i al "  t o " f uzzy"  t o  " ad- hoc"  on t he  go.   
( c)   we  have  been  i nf l uenced by  ( ver y  poi nt ed)   ar gument s   by 
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pr oponent s  of   non- numer i cal   appr oach,    especi al l y   " heur i st i c"  
appr oach.   Agai n,   cvpf ' s  al l ow us t o do emul at e i t  t o  a  degr ee.   
They   ar e  not hi ng  el se,    but   ( pr ocedur al )    heur i st i cs   about   
uncer t ai nt y i n t he par t i cul ar  r ul e.    ( d)  we f ound t hat  ver y  of t en 
we  wer e  abl e t o f or mul at e  t he " st r uct ur e"  of  a  r ul e  cor r ect l y,  
whi l e  t he  number s   needed  f r equent   cor r ect i on  ( t uni ng) .    The 
separ at i on   of   t he   st r uct ur e  of   t he  r ul es  ( RSET)   and   t he 
i nt er pr et at i on of   uncer t ai nt y i n t he r ul es ( FSET)  hel ped t o  sol ve 
t hi s.   I f   t he st r uct ur e of  t he r ul es i s sat i sf act or y,   one need t o  
f i ne- t une  t he cvpf ' s onl y.    ( e)  t her e was an addi t i onal  bonus  i n 
t he  possi bi l i t y  t o r un  some " exper i ment s"  wi t h  knowl edge  bases 
( RSET)  under   di f f er ent  i nt er pr et at i ons of  uncer t ai nt y  ( i . e.   wi t h  
di f f er ent  FSET' s at t ached) .   Thi s al so i s on t he pr i or i t y  l i st   of  
our  f ut ur e r esear ch t opi cs.

( 12)   FUTURE EXTENSI ONS AND RESEARCH CONCERNI NG McESE.

      Wi t h  r espect   t o our  quest  f or  t he  gr eat est   ut i l i t y  val ue 
( i . e.   pr act i cal i t y of  t he syst em) ,   t he expl anat i on mechani sm must  
be i mpr oved,   as we suggest ed  bef or e,  vi a a heur i st i c appr oach.  I f  
McESE becomes  popul ar  and hi ghl y used,  si mi l ar  ext ensi ons of  ot her   
l anguages may be consi der ed.  McESE wi l l  al so be used as a  t est - bed 
f or   di f f er ent   i nt er pr et at i ons  of  uncer t ai nt y  t o   hel p  wi t h  a 
devel opment   of  t he most  sui t abl e knowl edge  r epr esent at i on( s)   f or  
i nf er r i ng wi t h,   under  and about   uncer t ai nt y.   And,   l ast ,  but  not  
l east ,   we  hope,   i s  a   f r equent  use of  McESE  t o  bui l d  act ual  
exper t  syst em appl i cat i ons.

  APPENDI X -  ( compi l ed)  knowl edge t r ee st r uct ur e and component s:

  KB_base                                 head of  l evel                
     |                                       l i st   ^                     
     |                        head of  pr ednam      |       
     |                          l i st   ^             |         
     V- - - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - | - - - - - - - - - | - - - | - -
     |    end   |  i nf cycl e |  pr ednaml  |   |     l evl  |    |   
     | - - - - - - - - - | - - - - - - - - - - | - - - - - - - - - - - - - | - - - - - - - - - - - - - | - -
     |  poi nt er  |   l ong    | st r uct  l i nk * | st r uct  l ev *  |
     | - - - - - - - - - | - - - - - - - - - - | - - - - - - - - - - - - - | - - - - - - - - - - - - - | - -

         head of  f cenam 
           l i st   ^        head of  r ul nam
                 |         l i st  ^
       - - - - - - - - - - | - - | - - - - - - - - - - | - - |
         f cenaml  |   |   r ul naml  |   |
       - - - - - - - - - - - - - | - - - - - - - - - - - - - |
       st r uct  f i nk * | st r uct  r i nk * |
       - - - - - - - - - - - - - | - - - - - - - - - - - - - |

  pr ednaml               addr ess of  P1 pr oc.
     |      " P1"    P1 pr ednode  ^  
     |       ^          ^         |
     V- - - - - - | - | - - - - - - - | - | - - - - - - | - - | - - - - - - - - - - - - - |
     |  name |  |   node |  |  addr  |   |   next    - - - - | - - > pr ednam
     | - - - - - - - - | - - - - - - - - - | - - - - - - - - - | - - - - - - - - - - - - - |     l i st
     |  char  *  |  poi nt er  |  poi nt er  | st r uct  l i nk * |
     | - - - - - - - - | - - - - - - - - - | - - - - - - - - - | - - - - - - - - - - - - - |
     |       s  t   r   u  c  t      l   i   n  k     |
     | - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - |

   l evl
     |    P1 pr ednode
     |        ^
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     V- - - - - - - | - - | - - - - - - - - - - - - |
     |   node |   |   next    - - - | - - > l evel
     | - - - - - - - - - - | - - - - - - - - - - - - |     l i st
     |  poi nt er   | st r uct  l ev * |
     | - - - - - - - - - - | - - - - - - - - - - - - |
     |  s t  r  u c t     l  e v  |
     | - - - - - - - - - - - - - - - - - - - - - - - |

  f cenaml           F1 pr oc
     |      " F1"         ^
     |        ^          |
     V- - - - - - - | - | - - - - - - - | - | - - - - - - - - | - - - - - - - - - - - - - |
     |   name |  |   addr  |  |  noar gs |   next    - - - - | - - > f cenam
     | - - - - - - - - - | - - - - - - - - - | - - - - - - - - | - - - - - - - - - - - - - |     l i st
     |   char  *  |  poi nt er  |   i nt    | st r uct  f i nk * |
     | - - - - - - - - - | - - - - - - - - - | - - - - - - - - | - - - - - - - - - - - - - |
     | s   t    r    u   c   t        f    i    n   k |
     | - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - |

  r ul naml         R1 r ul node
     |     " R1"         ^
     |       ^          |
     V- - - - - - | - | - - - - - - - | - | - - - - - - - - - - - - - |
     |  name |  |   node |  |   next    - - - - | - - > r ul nam
     | - - - - - - - - | - - - - - - - - - | - - - - - - - - - - - - - |     l i st
     |  char  *  |  poi nt er  | st r uct  l i nk * |
     | - - - - - - - - | - - - - - - - - - | - - - - - - - - - - - - - |
     | s  t   r   u  c  t      r   i   n  k |
     | - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - |

========================== R U L N O D E ==========================

                   f cenaml
                      ^
       r ul nam l i st     |
          ^            |
| - - - - - - - - - | - | - - - - - - - - - | - | - - - - - - - - - | - - - - - - - - - | - - - - - - | - - - - - - - - - | - -
|  r ul naml  |  |  f cenaml  |  |  not er ms |  nosl ot s |  r t op |   r t val   |
| - - - - - - - - - - - | - - - - - - - - - - - | - - - - - - - - - | - - - - - - - - - | - - - - - - | - - - - - - - - - | - -
|  poi nt er    |   poi nt er   |   char    |   char    |  char  |   l ong   |
| - - - - - - - - - - - | - - - - - - - - - - - | - - - - - - - - - | - - - - - - - - - | - - - - - - | - - - - - - - - - | - -
|           r   i   n  i   t            a  r   e  a
| - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - | - -

                             pr ednode
                                ^
       - - - - - - - - | - - - - - - | - - - - - - - - - - | - | - - - - - - | - - - - - - | - -
        wei ght  |  s i gn |  pr ednode |  |   t op |  t val  |
       - - - - - - - - | - - - - - - | - - - - - - - - - - - - | - - - - - - | - - - - - - | - -
        l ong   |  char  |   poi nt er    |  char  |  l ong |
       - - - - - - - - | - - - - - - | - - - - - - - - - - - - | - - - - - - | - - - - - - | - -
        t    e   r    m          a  r   e  a        |
       - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - | - -

( t er m  ar ea  r epeat s f or  each t er m i n t he r ul e i n t he nat ur al  or der  
of  t er ms i n t he r ul e,  i . e.  t he RHS t er m ar ea i s t he l ast  one)

                    Nt h bi dp of
                    pr ednode 2
          Nt h bi dp of    ^             Nt h bi dp of
          pr ednode 1    |             pr ednode m
              ^          |                  ^
       - - - - - - - | - | - - - - - - - | - | - -    - - | - - - - - - - | - | - -
         bi dp |  |   bi dp |  |        |   bi dp |  |
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       - - - - - - - - - | - - - - - - - - - | - -    - - | - - - - - - - - - | - -
        poi nt er  |  poi nt er  |        |  poi nt er  |
       - - - - - - - - - - - - - - - - - - - | - -    - - | - - - - - - - - - | - -
        Nt h   s  l   o  t          a  r   e  a |
       - - - - - - - - - - - - - - - - - - - - - -    - - - - - - - - - - - - | - -

( sl ot  ar ea r epeat s number  of  s l ot s t i mes,  i n t he or der  of  s l ot s)
( t he  or der   of   bi ndi ng  poi nt er s wi t hi n t he sl ot  ar ea f ol l ows t he 
nat ur al   or der   of  t er ms i n t he r ul e,  i . e.  t he RHS t er m i s t he l ast  
one)

======================== P R E D N O D E =========================
                        
                                     pr ednode
            pr ednam l i st                 ^
                ^                        |
     | - - - - - - - - - - | - | - - - - - - - - - | - - - - - - - - - - - | - | - - - - - - - - - | - -
     |  pr ednaml  |  |   l evel   | next onl evp |  |  nosl ot s |   
     | - - - - - - - - - - - - | - - - - - - - - - | - - - - - - - - - - - - - | - - - - - - - - - | - -
     |   poi nt er    |    char   |   poi nt er     |   char    |  
     | - - - - - - - - - - - - | - - - - - - - - - | - - - - - - - - - - - - - | - - - - - - - - - | - -
     |    p   i    n   i    t          a   r    e   a    |
     | - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - | - -

                      " obj ect "  f or  2nd sl ot
                               ^
       " obj ect "  f or  1st  sl ot    |           " obj ect "  f or  l ast  s l ot
               ^                |                    ^
       - - - - - - - - | - - - - | - - - - - - - - - - | - - - | - -    - - | - - - - - - - | - - - - - | - - -
          bi dp |     |     bi dp  |    |        |   bi dp |      |
       - - - - - - - - - - - - - | - - - - - - - - - - - - - - | - -    - - | - - - - - - - - - - - - - | - - -
         poi nt er     |    poi nt er     |        |   poi nt er     |
       - - - - - - - - - - - - - | - - - - - - - - - - - - - - | - -    - - | - - - - - - - - - - - - - | - - -
                b  i   n  d  i   n  g     a  r   e  a       |
       - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -    - - - - - - - - - - - - - - - - | - - -

( bi ndi ng ar ea has number  of  s l ot s boxes,  i n t he or der  of  s l ot s)

                                 r ul node              r ul node
                                    ^                     ^
       - - - - - - - - - - | - - - - - - - - | - - - - - - - - - | - | - - - - - - - - | - - - - - - - - - | - | - -
        i nf cycl e |  maxval  |  maxval p |  |  mi nval  |  mi nval p |  |  
       - - - - - - - - - - | - - - - - - - - | - - - - - - - - - - - | - - - - - - - - | - - - - - - - - - - - | - -
         l ong    |   l ong  |   poi nt er   |   l ong  |   poi nt er   |
       - - - - - - - - - - | - - - - - - - - | - - - - - - - - - - - | - - - - - - - - | - - - - - - - - - - - | - -
     
                         RHS occ l i st  
            LHS occ l i st       ^
                 ^             |
       - - - - - - - - - - | - | - - - - - - - - - - | - |
        LHSoccl p |  |  RHSoccl p |  |
       - - - - - - - - - - - - | - - - - - - - - - - - - |
          poi nt er   |   poi nt er    |
       - - - - - - - - - - - - | - - - - - - - - - - - - |
=========================  LHS occ l i st   =========================

  LHSoccl p 
     |     r ul node
     |        ^
     V- - - - - - - | - | - - - - - - - - - - - - |
     |   node |  |    next   - - - | - - > LHS occ
     | - - - - - - - - - | - - - - - - - - - - - - |     l i st
     |  poi nt er  | st r uct  occ * |
     | - - - - - - - - - | - - - - - - - - - - - - |
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     |  s t  r  u c t    o c c  |
     | - - - - - - - - - - - - - - - - - - - - - - |

=========================  RHS occ l i st   =========================

  RHSoccl p 
     |     r ul node
     |        ^
     V- - - - - - - | - | - - - - - - - - - - - - |
     |   node |  |    next  - - - - | - - > RHS occ
     | - - - - - - - - - | - - - - - - - - - - - - |     l i st
     |  poi nt er  | st r uct  occ * |
     | - - - - - - - - - | - - - - - - - - - - - - |
     |  s t  r  u c t    o c c  |
     | - - - - - - - - - - - - - - - - - - - - - - |
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