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ABSTRACT

This p a p e r  p re se n ts  a  know ledge-based 
a p p ro a c h  to  th e  specification , design, im ple ­
m en ta tio n , an d  evolution of d a tab ase  app lica ­
tions. The know ledge base  consis ts  of 1) fac ts  
reg a rd in g  d a tab ase  o b jec ts  th a t  a re  o rgan ized  
in to  a  h ie ra rc h y  of m odels, and  2) ru le s  th a t  
specify  th e  behav io r of ob jec ts  w ithin a  m odel 
and  am ong m odels.

The m odel h ie ra rch y  consis ts  of d a ta b a se  appli­
ca tio n  da ta , d a tab ase  schem as, d a ta  m odel 
definitions, and  sy s tem -re la ted  o b jec ts  th a t  
co n tro l th e  u s e r ’s in te ra c tio n  w ith th e  system . 
The ru le s  governing th e  behavior of ob jec ts a re  
specified  as exp lic it co n s tra in ts  on those  
ob jec ts. U ser goals a re  tra n sfo rm e d  in to  con­
je c tu re s  th a t  th e  in fe ren ce  engine m u s t prove 
a re  satisfiab le  by in te rp re tin g  all app licab le  
c o n stra in ts .

The sem an tic  a rc h i te c tu re  of th e  PRISM system  
is d escrib ed , to g e th e r  w ith th e  syn tax  and  
se m a n tic s  of th e  c o n s tra in t language. PRISM is 
im p lem en te d  in  the  C p rogram m ing  language 
an d  ru n s  u n d e r  th e  UNIX •* opera tin g  system .
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1. INTRODUCTION

This re s e a rc h  is m o tiv a ted  by th e  n eed  fo r im proved  

tools a n d  tech n iq u es  fo r th e  specification , design, im ple­

m en ta tio n , and evolution of d a tab ase  app lica tions. It 

draw s upon ideas from  sem an tic  d a ta  m odels, d a ta  d ic ­

tionaries , specifica tion -based  sy s tem  m ethodologies, and 

artific ia l in telligence.

S em an tic  d a ta  m odels such  as RM/T [8], th e  F unc ­

tional D ata Model (FDM) [15,18,30,31], and  A brial’s B inary 

Model [1], c a p tu re  an  app lica tio n 's  m eaning  by m aking 

ex tensive use of m e ta d a ta  — d a ta  ab o u t d a ta  — to  specify 

b o th  in tra -  and  in te r-e n tity  sem an tics. In fact, m odel 

m e ta d a ta  should be  co n sid ered  p a r t  of th e  m odel. D ata 

m odels re p re s e n t app lica tion  sem an tic s  by  m ean s  of 

th e ir  d a ta  s tru c tu re s , o p era tions , and  c o n stra in ts . Con­

s tra in ts  n o t exp ressib le  in te rm s  of th e  d a ta  m odel a re  

re p re se n te d  as p ro ced u re s  in app lica tion  p rog ram s. 

Thus, th e  sem an tic s  of an  app lica tion  a re  ex p re ssed  in 

d is tin c t rep re se n ta tio n s , i.e ., d a ta  s tru c tu re s , o p e ra ­

tions, m e ta d a ta , co n stra in ts , and  app lica tion  p rog ram s.

C onventional D atabase  M anagem ent System s 

(DBMSs) s to re  m e ta d a ta  in  d a ta  d ic tiona ries th a t  provide 

lim ited  d a ta  s tru c tu rin g  capab ilities. However, th e  D ata­

base  D irections III W orkshop re p o r t  [13] on Inform ation  

R esource D ictionary System s recom m ends th a t  fu tu re  

d ic tio n a ry  sy stem s provide fac ilities to  1) m ake m e ta ­

d a ta  m ore  accessib le  to  u sers , an d  2) to  allow m e ta d a ta  

to  he  queried  an d  m a n ip u la ted  in th e  sam e m a n n e r as 

app lica tion  data.

D atabase app lica tions a re  n o t s ta tic ; ra th e r , they  

evolve over tim e  to  m e e t th e  changing in fo rm ation  

re q u ire m e n ts  of u se rs . Indeed, a d a tab ase  app lica tion ’s



im p lem en ta tio n  m ay  itse lf be a  pow erful fo rce in  chang ­

ing u se rs ' in fo rm ation  req u irem en ts . B alzer [2] a rgues 

th a t  specification-based sy stem s allow for th e  c rea tio n , 

verification , execu tion , and  evolution  of a  co ncep tua l 

m odel. In o rd e r  to  im p lem en t specifica tion -based  d a ta ­

b ase  sy stem s, we m u s t m ak e  b e t te r  u se  of m e tad a ta , 

and  provide a  uniform  fo rm alism  to  ex p ress  d a tab ase  

ob jects, op e ra tio n s and  c o n stra in ts .

B rodie [6] h as d iscussed  th e  d esirab le  fe a tu re s  of a 

d a ta b a se  specification  tool, and  m any  of th e se  a re  inco r­

p o ra te d  in to  th e  PRISM (c o n s tra in t-b a sed  PR ototyping 

In fo rm ation  S ystem  M anager) sy stem  [29], In p a rticu la r, 

th e  PRISM fo rm alism  1) in c o rp o ra te s  s ta tic  as well as 

dynam ic p ro p e r tie s  of d a tab ase  ob jects, 2) provides 

access  to  sy s tem  m e ta ty p es  fo r sy stem  evolution, 3) su p ­

p o rts  th e  in teg ra tio n  of m odeling a b s trac tio n s  su ch  as 

a b s t ra c t  d a ta  types, g en era liza tio n  h ie ra rch ies , views, 

an d  co n tro l ab s trac tio n s , and 4) allows th e  specification  

of m odeling m ethodologies.

To sa tisfy  th e  above req u irem en ts , we have chosen  a 

know ledge-based a rc h ite c tu re  fo r PRISM. In e x p e rt sy s­

te m s  th e re  is a  d is tin c t sep a ra tio n  betw een  th e  

knowledge base, consisting  of fa c ts  an d  ru le s  governing 

those  fac ts , an d  th e  inference engine th a t  reaso n s  ab o u t 

th e  know ledge n o t only to  c re a te  new fac ts  and  ru les, b u t 

also to  provide e x p e rt advice to  u sers. A very  im p o rtan t 

a sp e c t of an e x p e rt sy stem  is th e  explanation facility  

w hich explains th e  sy s te m 's  line of reason ing  to  th e  user.

This p a p e r  m ak es sev e ra l co n trib u tio n s to  da tab ase  

m an ag em en t. The know ledge-based ap p ro ach  allows 

bo th  d a ta  and  m e ta d a ta  to  be  t r e a te d  in  a uniform 

fashion. E xplicit c o n s tra in ts  on ob jec ts c a n  be u sed  to  

specify  th e ir  behavior a t all levels, from  app lica tion  d a ta  

to  sy stem  concep ts. Finally, tools for d a tab ase  design, 

tra n sa c tio n  specification , sch em a  analysis, and d a ta  

tra n s la tio n  can  be  viewed as specialized interpreters 

th a t  a cce ss  th e  know ledge base .

The re m a in d e r  of th e  p a p e r  has th e  following o rgan i­

zation. S ection  2 p re s e n ts  th e  PRISM know ledge base  

a rc h ite c tu re , its  associative net, m odel h ie ra rc h y  and  

c o n s tra in t language. The PRISM m odeling env ironm ent 

and  u se r  facilities a re  p re s e n te d  in  S ection  3, and  our 

conclusions ap p ea r in  S ection  4.

2. KNOWLEDGE BASE ARCHITECTURE IN PRISM

In PRISM, th e  specifications for all levels of an in fo r­

m a tio n  sy stem  a re  s to re d  in  th e  D ictionary S ubsystem  

(DS). As shown in F igure 1, th e  D ictionary S ubsystem  

consists  of a Knowledge Base (KB) and an In ference 

Engine.

The PRISM Knowledge Base con ta in s facts (d a tab ase  

in s tan ces  o r tokens, d a tab ase  schem as, d a ta  m odel 

definitions, and  system -level concep ts) and  rules 

(explicitly-specified  c o n s tra in ts  reg a rd in g  fac ts  a t  all 

sy stem  levels). The Modeling Specia list prov ides a  u ser- 

in te rface  to  th e  Knowledge Base and In ference  Engine.

PRISM Dictionary Subsystem (DS)
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Fig. 1. The PRISM A rch itec tu re

The In ference  Engine is u sed  to  u n d e rs ta n d  an d  con tro l 

sy stem  behavior, and su p p o rts  u p d a te s  to  and  queries on 

th e  Knowledge Base, su b jec t to  satisfying th e  con ­

s tra in ts .

A u se r  query  is tran sfo rm ed  by th e  Modeling Spe­

c ia lis t in to  a  con jec tu re  for th e  in fe rence  engine to  

prove. The engine, in  tu rn , in te rp re ts  all applicab le  con ­

s tra in ts  on affected  d a tab ase  ob jects, and  if th e se  a re  

satisfied  th e n  new know ledge (fac ts  and  co n s tra in ts )  is 

added  to  th e  knowledge base. D irect in te rp re ta tio n  of 

each  explic it co n stra in t, w hen the  ob jec t i t  applies to  is 

re fe ren ced , prov ides m axim um  flexibility to  a s s is t th e  

u se r  in in c rem en ta lly  adding and  te s tin g  new c o n s tra in t



specifications. In h e re n t a ccess  and  evaluation  con ­

s tra in ts  w ithin th e  in te rn a l tools en force th e  im p lic it and  

explic it c o n s tra in ts  in  th e  KB. The C onstra in t Base is in 

a globally co n s is te n t s ta te  before  and  a f te r  an  "update  

tran sac tio n ."  If a t  som e po in t in th e  evaluation , a con ­

s tra in t  is v io lated , th e n  th e  tra n sa c tio n  fails an d  th e  

u p d a te  is n o t com m itted .

2.1 . K nowledge B a se  S tr u c tu r e

The Knowledge Base co n sis ts  of two sections, an  

in tension  and  an  ex tension . The in tension , ca lled  the  

C onstra in t Base (CB), is a  d ic tio n a ry  of exp lic it con­

s tra in ts , w hich a re  specified  in the  PRISM C onstra in t 

Language (CL). C onstra in ts and  m e ta -c o n s tra in ts  for all 

in fo rm ation  sy s tem  levels, including the  m e ta d a ta  of 

PRISM itself, a re  s to re d  in  CB, fo r dynam ic u p d a te  by 

u sers . The ex tension  is a  F a c t Base (FB) of tokens.

The Knowledge Base has b o th  an e x te rn a l and  an 

in te rn a l image. In th e  e x te rn a l im age, co n s tra in ts  a re  

ex p ressed  exp lic itly  in  th e  PRISM c o n s tra in t language, 

CL. And th e  fac ts , i.e., in s ta n c e s  of th e  a b s tra c t  ob jects 

specified in CL, a re  s to re d  in a  conventional D atabase 

M anagem ent System . Thus th e  C onstra in t Base can  be 

viewed as re s tin g  on top  of a  conventional DBMS, and 

specifying sem an tic s  fo r th e  in te rp re ta tio n  of th e  fac ts  

in th e  d a tab ase . The in te rn a l im age re p re se n ts  th e  

ob jec ts  specified  in  th e  c o n s tra in ts  in an  associa tive  ne t.

2 .1 .1 . The PRISM A sso c ia tiv e  N et

O bject-o rien ted  sy stem s, w hich a t ta c h  declara tive  

re p re se n ta tio n s  of knowledge to  ob jec ts, allow dynam ic 

grow th of in fo rm ation  system s. O bjects can  in  g en era l 

be  e n titie s  o r re la tio n sh ip s betw een  en titie s . This "dual­

ity" betw een  re la tio n sh ip s  and  e n titie s  allows for th e  un i­

form  tr e a tm e n t of bo th  d a ta  and m e tad a ta , as will be 

d iscussed  shortly .

C om plete typ ing  of ob jec ts in  an  in fo rm ation  sy stem  

can  su p p o r t logical c o rre c tn e ss  in ferencing  fo r object 

instantiation, i.e., te s tin g  w h eth er an ob ject, w hich m ay 

be newly c re a te d , sa tisfies th e  p ro p e r tie s  of th e  ty p e  of 

w hich it  is an  in s tan ce  [25]. Modeling too ls  using such  

in ferencing  have b een  d esc rib ed  [3,4,22],

O bject-o rien ted  m odels sh a re  th e  goal of logical 

data independence w ith d a tab ase  m an ag em en t system s.

O bject-o rien ted  m odels c a n  provide logical d a ta  indepen ­

dence  be tw een  app lica tions and  th e  conceptued 

know ledge b ase  by encapsu la ting  app lica tion -o rien ted  

behavior in to  A b strac t O peration  Types (AOT's) w hich a re  

them selves ob jec ts. For exam ple, an  AOT called  Mak- 

eR eservation  m ig h t m odel an  association (aggregation) 

of com ponen t ob jec ts  such  as Person , Hotel, R eserva- 

tion is t, to g e th e r  w ith th e  re q u ire d  c o n s tra in ts  to  allow a  

p e rso n  to  m ake a re se rv a tio n  a t  a  ho te l. Thus, each  

in s tan ce  of M akeR eservation would be  re p re se n te d  as an 

object.

The classification  of ob jec ts  in  a  h ie ra rch y  of types 

has wide ac c e p ta n c e  a s  a  s tra te g y  to  m anage th e  com ­

plex ity  of in fo rm ation  sy stem  design. A generalization 

hierarchy, which indexes p ro p e r ty  in h e ritan ce  on 

objects, allows effective su p p o rt of m odel definition 

m ethodologies. The sub type-to -type  generalization m ap ­

ping [32] can  be re p re se n te d  as  links betw een  type 

ob jec ts in  an associative n e t [24,12,18]. Such a 

knowledge re p re se n ta tio n  provides effic ien t indexing of 

type  p ro p e r tie s  on in s tan ces  for in fo rm ation  sy stem s 

w hich have a  re la tive ly  la rge  n u m b er of o b jec t ty p e s  and 

sm all n u m b e r of d a ta  item s, e.g., TAXIS [23].

In h e ritan ce  com plex ity  in th e  D ictionary S ubsystem  

is lim ited  by allowing only ’a sa ’ links, ’isa ’ links and  

’co n stra in t-o n ’ links for c o n s tra in t indexing on ob jects. 

’C onstrain t_pn ' links sim ply allow d ire c t re tr iev a l of 

explic it c o n s tra in ts  for an  object. An ’asa ' link w hich 

co n n ec ts  an  in s tan ce  to  a  type, allows co n s tra in ts  on 

type  ob jec ts to  be applied  to  th e  in s tan ces  of th e  type. 

In o rd e r  to  ex is t explicitly, every  ob jec t m u s t be  linked 

to  a ty p e  by an in s tan ce  of th e  ’a sa ’ m apping. An 'isa ' 

ljnk  from  a ty p e  to  a su p erty p e , allows c o n s tra in ts  on 

su p erty p e  ob jec ts to  be app lied  to  th e  in s tan ces  of the  

type . The c o n s tra in ts  a sso c ia ted  w ith th e  in s tan ces  of a 

type  a re  ex p ressed  as " in stance  of" co n s tra in ts  on th e  

type , and  those  th a t  re fe r  to  th e  p ro p e r tie s  of th e  type 

itse lf a re  "in stance  o f  co n s tra in ts  on th e  m e ta-ty p e  (a t  

th e  n ex t h ighe r level) in th e  type  h ie rarchy .

However, n o t every  ty p e  m u s t be a  sub type  of a  

type. An ’isa ’ re la te d  ty p e  does n o t necessa rily  have a 

single su p e rty p e , n o r does an  'isa ' re la te d  sub type  have 

to  disjointly p a rtit io n  th e  in s tan ces  of th e  su p erty p e



from  o th e r  su b ty p es  of th e  su p erty p e . These p ro p e r tie s  

of su b ty p es m ay  be  specified  as co n s tra in ts  on th e  

m e ta -ty p es  of a  d a ta  m odel o r  d a tab ase  sch em a  types.

The 'a sa ' and  ’is a ’ associa tions a re  available d irec tly  

in  th e  PRISM C onstra in t Language (CL) as p rim itive 

p red ica te s  to  exp ress  p ro p e r ty  ab s trac tio n . F o r exam ­

ple, th e  p re d ic a te  asa(x ,m an), re a d  "x as a  m an", 

specifies th a t  ’x‘ is an in s tan ce  of th e  type  ’m an ’. The 

'is a ' and  ’a sa ’ CL p re d ic a te s  evaluate  to  TRUE if th e  

equivalen t link  can  be  p ro p ag a ted  successfu lly  in  th e  KB 

in te rn a l im age.

The PRISM M odel H ierarch y

In PRISM, an  in fo rm ation  sy stem  is re p re se n te d  as a  

h ie ra rc h y  of ob jec t-o rien ted  m odels. The to p  level con ­

s is ts  of PRISM m e ta d a ta , th a t  is, th e  primitive concepts 

available to  u se rs  to  define successively  low er m odel lev­

els. At th e  to p  level a re  such  con cep ts  as built-in  types 

(in teg er, dollar, d a te , e tc .) , d ic tiona ry  ty p e s  (dictobj, 

usrob j, dic t_pam e), and  m odeling p rim itives (class, m ap, 

isa, asa , dom ainof, ran g e  of, e tc .)  The o th e r  levels a re  th e  

B ata  Model, Schem a, and  A pplication levels.

O bjects a t  each  level a re  defined in te rm s  of th e  

m e ta d a ta  of th e  level above! F o r exam ple, m e ta d a ta  fo r 

a  d a ta  m odel is ex p re ssed  in  te rm s  of PRISM m odeling 

prim itives, and  defines th e  co n cep ts  and ru le s  fo r th a t  

d a ta  m odel, e.g., th e  R elational D ata Model [7], Schem a 

m e ta d a ta  consis ts  of th e  d a ta  defin ition  facilities p ro ­

vided by  a p a rtic u la r  d a ta  m odel. A pplications m e ta d a ta  

consists  of th e  d a tab ase  types defined in a  schem a 

accord ing  to  a d a ta  m odel, for exam ple, a  re la tio n a l 

sch em a for a  sa les  o rd e r  p rocessing  application .

An exam ple  of a  v e rt ic a l slice th ro u g h  an in form a­

tion  sy s tem  is shown in F igure 2. Ellipses re p re se n t 

ob jects. Double-lined a rc s  re p re s e n t ‘a sa ’ links. Only 

significant 'a s a ' links a re  shown. Single-lined arrow s w ith 

ta il re p re s e n t 'is a ' links. N otice th a t  th is  in fo rm ation  

sy stem  m odels, a t  th e  two h ig h est levels, PRISM m e ta ­

d a ta  and  ty p e s  a sso c ia ted  w ith th e  F unctional D ata 

Model. The schema diagram w ithin th e  d o tted  reg ion  in 

F igure 2 shows a  d a tab ase  sch em a  defined in th e  g rap h i­

cal no ta tio n  of th e  Functional D ata Model, which consists  

of en tity_gets 'o rd e r ' and  'em p loyee ' an d  functions

Fig. 2. PRISM Model H ierarchy  — M etadata  an d  D ata

order_J.aker: o rd e r  —> em ployee and  ordj: o rd e r  +-> 

in teger.

The function  ’ord_#’ serves a s  a key of th e  'o rd e r ' 

en tity_get. This is d en o ted  by th e  b a r  on th e  function  

arrow. This figure shows th e  duality of rep resen tin g  

re la tionsh ip s (functions) as ob jects. For exam ple, ord_J 

and  o rd e r_ tak e r a re  c learly  functions a t  the  S chem a 

Level and  also in s tan ces  of th e  m e ta -ty p e  'func tion ' a t  

th e  D ata Model level. Also, th e  to k en  "o rder 62 —> 62" 

re p re se n ts  th e  m apping u n d e r ortLjji of o rd e r  82 to  the 

in te g e r  62.

2.2 . C on stra in t S p ec ifica tio n  an d  E va lu ation  in  PRISM

C onstra in ts c a n  be classified  as being in h e ren t, 

explicit, o r im plicit [5]. In h e re n t co n stra in ts  a re  those  

which a re  an  in teg ra l p a r t  of a  d a ta  m odel, e.g., th e  

p a ren t-ch ild  re la tionsh ip  in th e  h ie ra rc h ic a l m odel



in h e ren tly  su p p o rts  a  functional m a p  from  ch ild ren  to  

p a re n t seg m en ts . E xplicit co n s tra in ts  a re  th o se  th a t  can  

be ex p ressed  in d ependen tly  of d a ta  m odel s tru c tu re s  in 

som e fo rm alism  such  as th e  p re d ic a te  calculus. Finally, 

im p lic it c o n s tra in ts  a re  those  derivable  from  the  

in h e re n t and explic it co n stra in ts .

Several c o n s tra in t fo rm alism s have b een  proposed . 

Brodie h a s  in tro d u ced  a 'lim ited  g eneric  d a ta  m odel' [5]. 

The m odel h as a d a ta  ty p e  a lg eb ra  and  a sch em a  

specification  language, n am ed  BETA, to  su p p o rt a  m e th o ­

dology fo r den o ta tio n a l c o n s tra in t m anagem en t. H am ­

m e r and  McLeod define co n s tra in ts  as invariance  a s s e r ­

tions on  a d a tab ase  [14] and  p ropose  a  sem an tic  

in teg rity  subsystem .

D eutsch d esc rib es  a  c o n s tra in t fo rm alism  to  

re p re se n t b o th  co n tro l and  d a ta  a b s trac tio n s  uniform ly 

[11]. A n u m b e r of in te re s tin g  questions a re  ra ise d  by 

D eutsch, including: 1) how c o n s tra in ts  can  re p re s e n t 

o p e ra tiona l ab s tra c tio n s , 2) how c o n s tra in ts  can  syn­

thesize  d iffe ren t su p e r ty p e s’ p ro p e rtie s , and  3) w hether 

co n s tra in ts  a re  a good fram ew ork  for expressing  queries 

a n d /o r  in teg rity  co n s tra in ts  on d a tab ases.

In ou r re s e a rc h  we have found th a t  1) c o n s tra in ts  

can  re p re s e n t opera tio n a l a b s trac tio n s  th ro u g h  A b strac t 

O peration  Types and  th e ir  a sso c ia ted  c o n stra in ts , 2) th e  

associative n e t  defines th e  su b ty p e-su p erty p e  re la tio n ­

ships w ith c o n s tra in ts  m odeling ty p e  p ro p e rtie s , and  3) 

c o n s tra in ts  can  be u sed  to  c re a te  u se r  views, query  a 

d a tab ase , an d  specify sem an tic  in teg rity .

PRISM em ploys a  gen eric  c o n s tra in t language w hich 

is app licab le  to  all in fo rm ation  sy s tem  levels, as com ­

p a re d  to  RAISIN (Rules from  Artificial In telligence 

Specified fo r Ingres) [34], which hand les only one level. 

Also, a  unified c o n s tra in t m a n ag e r in PRISM hand les all 

system  levels. This prov ides a  basis for c o rre c tn e ss  

in ferencing am ong the  d ifferen t levels of m e ta d a ta .

C onstra in ts  in  th e  Knowledge Base w hich specify 

co n tro l a b s tra c tio n s  a re  active know ledge sou rces, th a t  

is, th e  c o n tro l in te lligence  re s id e s  in  the  c o n s tra in t 

specifications. For exam ple, w hen an  o b jec t of type  's e s ­

sion ' (cf. Exam ple 3 below) is in s ta n tia te d , th e  c o n s tra in t 

specification  fo r a session  m ay  req u ire  1) a  login co n sis t­

ing of valid u se r  nam e, 2) au th o rized  access  to  an

in fo rm ation  system , an d  3) a  co llec tion  of tran sac tio n s .

Deliyanni and  Kowalski provide an exce llen t com ­

p arison  of various 'e x te n d e d  sem an tic  n e t ’ r e p re se n ta ­

tions a s  a  dual of c lausal p re d ic a te  logic [10]. If con ­

s tra in t  sem an tic s  a re  r e s tr ic te d  such  th a t  c o n s tra in t 

in s tan ces  indexed  on o b jec ts  a re  well fo rm ed  fo rm ulae 

(wfl) in  a logic, e.g., f irs t-o rd e r logic, in te rp re te rs  can  

use  logical o p era tions to  perfo rm  in ferencing  to  ex ten d  

th e  fa c t base  of th e  sy s tem  in in fo rm ation  re tr iev a l [28, 

25] and  p rob lem  solving.'

P ropositions in  sem an tic  n e ts  have p ara lle ls  in  func ­

tio n a l and  m ultivalued  d ep en d en c ies  in logical d a tab ase  

schem as. The d ire c t equivalence of logical d a ta  dep en ­

dencies in th e  R elational Model to  som e p re d ic a te  ca l­

culus exp ressions has b een  d e m o n s tra te d  and  u sed  in 

d a tab ase  design [27,35].

In PRISM th e  en fo rcem en t of th e  re la tionsh ip s 

specified  in  c o n s tra in ts  is co m parab le  to  th e  p rop ag a tio n  

of ex is ten ce  d ependenc ies  of m appings in d a tab ase  sch e ­

m as. Using c o n s tra in t p ropositions w ithin sem an tic  n e ts  

to  re p re s e n t d a tab ase  d ependenc ies  allows a n a tu ra l 

c lu ste ring  of re la te d  con cep ts  and  an  asso c ia ted  index ­

ing of th o se  co n stra in ts .

2 .2 .1 . The PRISM C o n stra in t la n g u a g e

The C onstra in t Language (CL) in h e rits  s t ru c tu ra l  

c h a ra c te r is tic s  from  specification  languages like SPE­

CIAL [26] and  Ina Jo [21], artific ia l in te lligence  languages 

such  as PLANNER [17], th e  Functional D ata Model 

specifications [31,15], and  from  ADT specifications as 

applied  to  d a tab ase  specifications [19].

A CL c o n s tra in t co n sis ts  of a  co llection  of ru les. 

E ach ru le  consis ts  of a  p recond ition , ac tion  and  p ostcon ­

dition  sequence . Within each  p recond ition  and  p ostcon ­

dition, p re d ic a te s  a re  com bined  w ith th e  logical o p e ra ­

to rs  AND, OR, NOT and  p a re n th e se s . P red ica te s  n am e  CL 

m e ta d a ta  query  functions. The op tional ac tio n  s ta te ­

m e n t co n ta in s a sequence  of sim ple ac tio n s which nam e 

CL a to m ic  u p d a te  p ro ced u res.

In PRISM a  u se r  re q u e s t  (o r goal) is e i th e r  to  

ASSERT, DENY or TEST an  in fo rm ation  sy stem  fact. U ser 

goals a re  d e te rm in ed  in  th e  p recond ition  clause . E xam ­

ple 1 shows an ’in s ta n c e ’ c o n s tra in t for an  o b jec t nam ed



’invoice'. The ’$’ prefix  deno tes a  variable.

Exam ple 1.

CONSTRAINT: in s tan ce  of: invoice;
PARMS: $invoice_jnstance;
PRECONDITION: roleis(ASSERT);
ACTION: un itasa : $invoice_instance, invoice;
POSTCONDITION: a ss e r t(

invoice_pum ber($invoice jn s ta n c e ,{ in te g e r in s ta n c e ) ) ;

An ‘in s ta n c e ’ c o n s tra in t specifies th e  conditions for a  

u se r  to  c re a te  o r u p d a te  in s tan ce s  of a  type. A CL con ­

s tra in t bundles functional rules th a t  specify  th e  sem an ­

tic s  of ob jec ts. Exam ple 1 has a  single ru le  w hich says 

th a t  "To a s s e r t  the  ex is tence  of an  in s tan ce  of type 

’invoice’, th e  in s tan ce  m u s t have asso c ia ted  w ith it  an 

invoice n u m b e r.” The ’invoice_pum ber’ o b jec t is a  m ap ­

ping betw een  ’invoice’ an d  an  in te g e r  id -num ber, th a t  is. 

invoice_pum ber: invoice -> in teger.

A CL c o n s tra in t for ’invoice_pum ber’ is shown in 

Exam ple 2. This c o n s tra in t specifies th a t  two ac tions will 

occur: a  u n ita sa  and  a  u n itm ap  only if th e  sy stem  can 

ob ta in  an  in teg e r invoice n u m b e r from  th e  user, and  

$inv_pum _inst is re la te d  to  p rec ise ly  one invoice.

Exam ple 2.

CONSTRAINT: in s tan ce  of: invoice_pum ber;
PARMS: l in v jn s t ,  $ in teg e r inst;
PRECONDITION: roleis(ASSERT) AND

NOT iscu rrin s tan ce ( $ in teger_inst);
ACTION: un itasa : $inv_jium_inst, invoice_num ber;

un itm ap : $inv_num_jnst, t in v jn s t ,  $ in teger_jnst; 
POSTCONDITION: pm ssg  {"Enter invoice n u m b e r ’) AND

a ss e r t  (in teg er($ in teger_ jn st) ) AND 
m ap card in a lity  ($inv_pum _inst,’’l : l ”);

2 .2 .2 . S e m a n tic s  o f CL

To d e te rm in e  w hether a  c o n s tra in t is satisfied , its  

logical value is co m pu ted  to  TRUE, FALSE, UNKNOWN, or 

EXCEPTION as th e  conjunction of th e  value of each  ru le  

in th e  co n stra in t.

To d e te rm in e  th e  value of each  ru le , th e  logical 

value of a ru le ’s p recond ition  is first de te rm in ed . P red i­

c a te s  in p recond itions a re  typ ically  CL query  functions 

on th e  F a c t Base or on env ironm ent p a ra m e te rs . If a 

ru le ’s p reco n d itio n  eva lua tes  to  TRUE, th e  ru le fires an d  

its  ACTION s ta te m e n t is tr ig g e red , th e n  th e  postcond ition  

is evaluated . The logical value of a fired rule is th e  value 

to  w hich th e  postco n d itio n  exp ression  evaluates. If a  

p reco n d itio n  evaluates to  FALSE, the  ru le  is n o t app lica ­

ble and  th e  value of th e  ru le  is TRUE, i.e., i t  does no t 

affect th e  value of th e  co n stra in t. N either th e  ac tion  n o r

postcond ition  a re  evaluated  in  th is  case. If any p re d i­

c a te  o r ac tion  evaluates to  EXCEPTION, evaluation  of th e  

co n s tra in t te rm in a te s  with a  value of EXCEPTION. 

E xpressions w hich evaluate  to  UNKNOWN com bine w ith 

logical o p e ra to rs  as follows:

TRUE OR UNKNOWN -> TRUE
FALSE OR UNKNOWN “> UNKNOWN
TRUE AND UNKNOWN -> UNKNOWN
FALSE AND UNKNOWN -> FALSE

A u se r goal is handled  as a  tra n sa c tio n  th a t  is n o t 

com m itted  u n til all subgoals a re  proved  to  be  co rre c t. 

Actions, w hich a re  derived  p rincipally  from  th e  upda te  

sem an tics of th e  Functional D ata Model [15], specify 

atom ic  u p d a te  o p era tions on in s tan ces  in  th e  Knowledge 

Base. Atomic u p d a te s  a re  only com m itted , i.e., u p d a ted  

in s tan ces  m oved in to  th e  F ac t Base, if a sse rt, deny, and  

te s t  subgoals in postcond itions a re  satisfied. In add ition  

to  c re a te , d e le te  and upda te  ru les, o rdering  ru les m ay 

be added  to  in s tan tia tio n  co n stra in ts  such  th a t  th e  c re a ­

tion  or de le tion  of in s tan ces of th e  ty p e  p ro p ag a tes  th e  

ordering . S ecu rity  co n stra in ts  and  a cce ss  c o n s tra in ts  

a re  evaluated  p rio r  to  in s tan ce  co n stra in ts .

The syn tax  and  sem an tic s  of CL c o n s tra in ts  ensu re  

th a t  an in te rp re te r  can  com plete  an evaluation  of ru les  

sequentia lly  to  derive a logical value for a  co n stra in t.

3. THE PRISM MODELING ENVIRONMENT

An initial set of co n s tra in t specifications loaded  by 

PRISM, when accessed  via th e  Modeling Specialist, p ro ­

vides a  u se r  view of an  in fo rm ation  sy stem  p ro to typ ing  

and m odeling tool. The c u rre n t im p lem en ta tion  of 

PRISM has over 100 co n stra in ts  specified. PRISM is 

im p lem en ted  in th e  C Program m ing  Language and  rim s 

u n d er th e  UNIX opera ting  system . The u se r, w ith th is 

in n a te  b u t redefinab le  knowledge core, is able to  in c re ­

m en ta lly  define and  te s t  specifications of in fo rm ation  

system  objects.

The following facilities a re  p rovided in th e  in itia l 

m odeling im age: 1) p rag m atic  types: session, tr a n s a c ­

tion, login, u sern am e, tim estam p , e tc ., 2) D ictionary 

S ubsystem  queries to  display defined KB o b jec t nam es, 

th e  In ference Engine s ta te , e tc ., 3) tr a c e  facilities for 

goal satisfac tion , co n jec tu re  evaluation  and  co n s tra in t 

activation , and  4) built-in  types: in teg er, dollar, date , 

a lpstring , goal, e tc .



If a  u se r  defines an  in fo rm ation  m odel using th e  

Modeling S pecia list to  u p d a te  and  p o pu la te  th e se  types, 

th e  m odel will be  a consistent extension of th e  in itia l 

know ledge co re  m odel. For exam ple, in  designing th e  

PRISM u se r-in te rface , we u sed  th e  PRISM m e ta ty p e s  to  

develop th e  no tion  of a  ’session’ w hich allows th e  Model­

ing S pecia list to  co n tro l in te rac tio n s  w ith th e  In ference  

Engine.

Exam ple 3 below shows th e  CL c o n s tra in t fo r ’ses ­

sion.’ E valuation  of th e  ’session ’ c o n s tra in t cau ses  p ro p a ­

gation  of th e  m appings shown in F igure 3 th rough  th e  

en fo rcem en t of c o n s tra in ts  on th e  ob jec ts n am ed  in  th e  

schem a. F igure 3 dep ic ts th e  o b jec t re la tionsh ip s in 

te rm s  of th e  Functional Model. The double-headed  

arrow s deno te  se t-valued  m appings. R ecall th e  duality  of 

functions (re la tionsh ip s) and  ob jec ts in PRISM, as d is­

cu ssed  in F igure 2.

Exam ple 3:

CONSTRAINT: in s tan ce  of: session;
PARMS: tte m p s e ss :
PRECONDITION: ro le is (ASSERT);
ACTION: un itasa : S tem psess, session;

un itasa : $infosys,infosys; 
un itasa : lu s r .u se r ;

POSTCONDITION: assert( lo g in ( I te m p se ss , $usr)) AND
asse rt(access($ tem p sess ,$ in fo sy s)) AND 
assert(validusr($ in fosys, $usr)) AND 

/ *  validate  u se r  * /
REPEAT: a s s e r t  ( sess_ tran sac tio n  ($ tem psess)) AND 

WHEN: NOT ask  ("More tra n sa c tio n s  ?") LEAVE;
ENDREPEAT;

asa ($ tem p sess, dictobj);

A ‘session ’ in s tan ce  will only be  ad d ed  to  th e  d ic tionary  

a f te r  a u se r  h as logged in, has accessed  an  in fo rm ation  

sy stem  ’infosys’ w ith unique ’infosys_nam e' for w hich he

is a  ’va lidusr ', and  has re q u e s te d  a t  le a s t one 't r a n s a c ­

tion ' w hich m u s t be tim es tam p ed  w ith th e  ’d a te ’. Thus 

th e  in s tan tia tio n  of a  ’session ’ becom es a  genera lized  

tra n sa c tio n  involving th e  ob jec ts m en tio n ed  in  th e  con ­

s tra in t.

3.1 . The M odeling S p ec ia lis t

The Modeling S pecia list enab les  th e  u s e r  to  in s ta n ­

t ia te  o b jec ts  w ithin a  defined in fo rm ation  sy stem  (o r 

m odel), to  q uery  th e  fac ts  reg a rd in g  an  in fo rm ation  sys­

tem , and  to  ex ten d  a m odel level w ithin th e  PRISM m odel 

h ie ra rch y . T ransactions th a t  seek  to  u p d a te  m odels a re  

only co m m itted  if c o n s tra in ts  on ob jec ts  affec ted  by  th e  

tra n sa c tio n  have b een  sa tisfied  by th e  In ference  Engine.

To te s t  a  m odel, th e  PRISM Modeling S pecia list fo r­

m alizes th e  o b jec t d escrip tions in p u t by th e  u se r  in to  a 

se t of co n jec tu res . If a  co n jec tu re  has b een  shown by 

th e  D ictionary  S ubsystem  reason ing  tools to  be con ­

s is te n t w ith th e  c u r re n t Knowledge Base, th e  definitions 

of ob jec ts  re fe re n c e d  in th e  con jec tu re  a re  u p d a ted  in 

th e  Knowledge Base, effectively updating  th e  in fo rm ation  

m odel.

A m odel is d e te rm in e d  to  be in co n sis ten t o r incom ­

p le te  w hen a re fe ren ce  to  an undefined  o b jec t is found 

and a definition fo r i t  can n o t be ob ta ined . A co n jec tu re  

is n o t a c c e p te d  if c o n s tra in ts  th a t  app ly  to  an ob jec t 

to u ch ed  by th e  co n jec tu re  can n o t be  satisfied.

3 .1 .1 . S ta rtin g  A U ser  In ter a c tio n

To s t a r t  a  sim ple in te ra c tio n  w ith PRISM, th e  u se r  

passes  th e  nam e of a  type  ob jec t to  be in s ta n tia te d  to  

th e  Modeling Specialist. The d e fau lt e n try  p o in t a ssu m es 

th a t  th e  u se r’s goal is to  instantiate th e  'sess ion ' ob ject. 

The Modeling Specia list g e ts  a goal from  th e  u se r  (o r a 

subgoal from  th e  In ference  Engine), and  c re a te s  a  new 

env ironm en t w ithin which p a ra m e te rs  th a t  in d ica te  th e  

goal's p rop ag a tio n  p u rp o se  a re  se t. E ach env ironm ent 

in h e rits  th e  o rig inal Knowledge Base, th e  fa c ts  te n ta ­

tively e s tab lish ed  in  d e scen d en t env ironm ents, and  th e  

c o n s tra in ts  from  a n te c e d e n t env ironm ents. If re fe r ­

ences to  ob jec ts in  th e  env ironm ent are satisfied , th e  

a n te c e d e n t env ironm ent can  t r e a t  th e  goal as re ach ed .

For exam ple, th e  goal o r subgoal 

" a sse rt(  a irp o rt(  $x ) ) '\  c a n  be rea c h e d  if th e  co n jec tu re



th a t  th e re  ex is ts  an  a irp o rt, $x, can  be  a s s e r te d  to  be 

tru e . A fo rm al co n jec tu re  is b u ilt fo r each  goal. In th is  

exam ple, th e  co n jec tu re  w ould b e  "asa( $x, airport)*'. 

The u s e r ’s  pu rpose  in  th is  exam ple is to  a s s e r t  th a t  the  

co n jec tu re  is tr u e  and to  m ak e  w hatever u p d a te s  to  th e  

F ac t Base m ay  be  n e c e ssa ry  to  sa tisfy  th e  con jec tu re . 

However, u p d a te s  m ay  n o t sa tisfy  th e  c o n s tra in ts  in th e  

C onstra in t Base and  th u s  th e  a s se r tio n  m ay  fail.

3 .1 .2 . C o n jectu re  E v a lu a tio n

E valuation of a  co n jec tu re  is done by th e  In ference  

Engine. The re s u lt  of co n jec tu re  evaluation  is a  value in 

th e  four-valued logic em ployed fo r th e  C onstra in t 

Language. If a  co n jec tu re  is sa tisfied  by  th e  In ference 

Engine, th e  im plications a re  in c o rp o ra te d  in to  th e  

en v ironm en t to  sa tisfy  th e  goaL For in s tan ce , ob jec ts 

m a rk ed  as d e le ted  a re  p u rg ed  from  th e  Knowledge Base. 

O bjects m a rk e d  by te s ts  a re  accounted for, for in s tance , 

a re  re tr ie v e d  in to  q uery  re s u lt views, o r re c o rd e d  in  an 

access  log. In th e  case  of new p ro p e r tie s  of p re-ex isting  

ob jects, th e  new  p ro p e r tie s  a re  combined w ith  th e  p ro ­

p e rtie s  defined on th e  ob jec t in th e  a n te c e d e n t environ­

m en t. For exam ple, th e  specialization  of a  type, if p e r ­

m itted , adds a new  c o n s tra in t on th e  type.

As in th e  evaluation  of a goaL each  subgoal is 

tra n sfo rm e d  in to  a  su b -co n jec tu re  w ithin an  environ­

m en t, an d  th e  In fe rence  Engine invoked to  sa tisfy  th e  

sub -co n jec tu re . The goal and  co n jec tu re  sa tisfac tion  

p ro ce sse s  a re  th u s  recu rsive , and  use  a  d ep th -firs t 

se a rc h  s tra te g y . S ince c o n s tra in t p rop ag a tio n  req u ire s  

th a t  m o s t co n jec tu re  su b tre e s  be com plete ly  trav e rsed , 

th is  is reaso n ab ly  efficient.

4 . CONCLUSIONS

This p ap e r h as  p re s e n te d  a  know ledge-based 

app ro ach  to  sem an tic  in te g rity  specification  and  

en fo rcem en t in d a tab ase  system s. This app ro ach  has 

sev era l d is tin c t advan tages over conventional a rc h ite c ­

tu re s : 1) th e  know ledge base  draw s to g e th e r  all con­

s t ra in t  specifica tions in explicit form  so th a t  th e y  m ay 

be exam ined  by th e  u se r  com m unity  and  PRISM tools, 2) 

th e  associa tive  n e t  o rgan iza tion  of ty p e  ob jec ts provides 

a un ifo rm  tr e a tm e n t  of d a ta  and  m e ta d a ta  — from  d a ta ­

base  in s tan ce s  th ro u g h  sy s tem  co n tro l ab s tra c tio n s  — so

th a t  u se rs  can  n o t only u n d e rs tan d  th e  system  b u t also 

extend it  to  su it th e ir  needs, 3) th e  in fe rence  eng ine m ay 

be u sed  to  validate  sy stem  behavior b y  proving conjec­

tu re s  abou t th e  knowledge base  in  re sp o n se  to  u se r  

goals, and  4) new knowledge, e.g., fac ts  and  co n stra in ts , 

is added  in c rem en ta lly  based  on th e  in fe rence  eng ine 's  

success  in verifying th e  con jec tu res .

U ser access  to  and  co n tro l of m e ta d a ta  im plies th a t  

u se r  views of th e  knowledge b ase  could  be  u se d  to  

specify m ethodologies for d a ta b a se  design, to  con tro l 

access  to  d a tab ase  app lications, and  to  in c o rp o ra te  new 

'domain* experts , such  as a 'Time E x p ert,’ in to  th e  sys­

tem .

R esearch  is n eed ed  in to  constraint management 

tools to  allow u se rs  to  specify  c o n stra in ts , to  d e te rm in e  

when c o n s tra in ts  m ay lead  to  conflicts, and  to  com pu te  a 

* minimal s e t of c o n s tra in ts  for an  in fo rm ation  system .
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