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A b s t r a c t :  

This paper presents the design and implemen- 
tation of a deductive database system. RDL1, is the 
production rule language for this system. This 
language is an extension of logic based languages 
towards the support of updates and complex do- 
mains. Different features of this language are de- 
scribed with its applications. The general ar- 
chitecture of the system is presented highlight- 
ing integration with a relational database system. 
Then, three original features of the system are 
discussed : extensibility through the definition of 
end user data types, query optimization tech- 
niques, and the extensibility of the control strat- 
egy. Future improvements and extensions con- 
clude the paper. 
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1. INTRODUCTION AND MOTIVATIONS. 

In this section we present the main motivations 
that led to the design of the RDLI deductive 
database system. These motivations are supported 
by the fact that it is now widely accepted that fu- 
ture database applications, including geographi- 
cal databases, manufacturing and communica- 
tions, will require some kind of rule based rea- 
son ing .  

The deductive database area is primarily con- 
cerncd with the study of the logic programming 
as a way of querying a database. A deductive 
database consists of an extensional database (EDB) 
and a set of derived predicates, defined using 
rules, called intensional database (IDB). A logic 
query is represented by a set of rules defining 
derived predicate. The DATALOG query language 
(a pure Horn clause language) is a toy represen- 
tative of logic-based query languages. A lot of ef- 
forts has been devoted to its optimization. Re- 
cently, many proposals have emerged for exten- 

sions of DATALOG with increased expressive pow- 
er, providing forms of non monotonic logic rea- 
soning. One such extension, called DATALOGneg 
allows negative literals in the body of rules. 
Further extensions allow negative litterals in the 
body and heads of rules, negation in the heads of 
rules are interpreted as deletions. This allows in- 
validating a previously asserted fact, which is a 
key aspect of database updates. We shall refer to 
the last extension as DATALOG with negation and 
updates.  

In [Simon88], we gave a formal description of 
such a language, called RDLI, which is essentially 
a production rule language as for instance OPS5 
[Brownston85]. A rule in this language consists 
of a conditional part which is a relational calcu- 
lus expression, and a consequent part which is a 
sequence of insertions and deletions of tuples in 
deduced relations. The main reasons for imple- 
menting such a language are: (i) as a query lan- 
guage, the update primitives in the rules make 
the language very expressive and flexible, (ii) 
the same language can also be used as an update 
language, (for instance to deal with triggers), if 
updates to base relations are allowed in the rules. 
Recently, a similar language has been indepen- 
dently proposed for expert database systems 
[Delcambre88].  

The purpose of this paper is to present the design 
of the RDL1 system. The structure of the paper is 
the following. In section 2, we first present the 
data model we use. This model is an extension of 
the relational model towards user defined types. 
The syntax and the semantics of the production 
rule language is then presented. Section 3 pre- 
sents the execution model used to run the rules on 
a DBMS. Section 4 gives the general architecture 
of the system. Two main features are then de- 
scribed : (i) the query optimization techniques 
and (ii) the conflict resolution strategies used by 
the rule evaluator. Section 5 describes the imple- 
mentation of the rule evaluator. The conclusion 
gives a first analysis of the system and points out 
improvements to achieve better performances. 
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2. T H E  RULE BASED L A N G U A G E  

2.1. Data model  

We consider  an extens ion of  the re la t ional  model  
that extends the notion of  domain to User defined 
Data Types. This approach is in the same stream as 
other  work  [Osborn86,  S tonebraker86 ,  Wi lms88] .  
Relat ions are buil t  from the predef ined data types 
(also cal led pr imi t ive  domains) ,  and from user de- 
fined data types (also called complex domains) .  In 
the next  section, we introduce the notion of  user  
def ined data types.  Then,  we present  user-def ined 
func t ions  and their  p roper t ies .  

2.1 .1 .  User -de f ined  data types  

The data model  we use extends the relat ional  mod- 
el with User Defined data Types (UDT). We assume 
a set of  basic types from which more complex data 
t y p e s  a re  c o n s t r u c t e d .  The  b a s i c  t ypes  are  
boo leans ,  in tegers ,  rea l  number s  and cha rac te r  
strings. In the current version of  our system, UDT 
are desc r ibed  in a Lisp l anguage  [Gardar in89] .  
UDT can be def ined using the type constructors  
l ist  and vector  appl ied to basic  types. Then, previ-  
ously defined UDT can be used to bui ld new data 
types.  In addit ion,  UDT are descr ibed in a "is-a" 
h ie ra rchy  and UDT opera to r s  can be  inher i ted  
along the h ie rarchy .  The extens ion  of  the base  
set of types together with the UDT form the set of  
domains  from which tuples  and re la t ions  can be 
bui l t ,  [Gardar ing9] .  

A speci f ic  p r imi t ive  (funct ion)  in the Lisp lan- 
guage  is used to def ine  a new data  type.  The 
general  syntax of  this pr imit ive  called DD (for De- 
fine Domain)  is: 

(DD#:<function name>(<parameter>) 
(<function_body>)) 

where funct ion_name is the name of  the UDT. It  
is def ined as a path from the upper  node of  the 
"is_a" hierarchy to a current  node. Each instance 
of  the UDT will  be bound to the parameter .  The 
"funct ion_body" is the code  used to verify if  the 
pa ramete r  va lue  qua l i f ies  as an ins tance  of  the 
data type. 

Def in ing  a new UDT imp l i e s  r e g i s t e r i n g  the 
corresponding DD function with the DBMS, that is 
to s tore  the funct ion def in i t ion  into a da tabase  
relation. The DBMS will later use the UDT defini-  
t ion as a domain  in tegr i ty  cons t ra in t  to check 
that the new instances  (for insert ions or updates)  
of  this type are consis tent  with the def ini t ion of  
the data type. The "is_a" hierarchy of  UDT is then 
defined as follows. The semantics  we give to type 
inheri tance is set- inclusion.  That is, the set of all 
instances of  a subtype is included in the set of  in- 
s tances  o f  i ts super type .  The common proper t ies  
of  severa l  re la ted  types  are abs t rac ted  out  as 
another  type.  The re la ted  types  are Men def ined  

as h a v i n g  the  u n d e r l y i n g  t y p e  as t he i r  
representa t ion .  Opera t ions  over  the re la ted  types 
that are assoc ia ted  with the common representa-  
tion type can then be ident i f ied  and defined as 
p a n  of  the operat ions  avai lable  on the new type. 
This  saves  rewr i t ing  these opera t ions  for each 
new sub type .  For  in s t ance ,  the m e m b e r  and 
in tersec t ion  opera to rs  for l i s tof_pts  can also be 
used for polygon.  The diagram below represents a 
hierarchy of  UDT. 

membez 

Listo f_poinC s 
Point 

union 

polygon muzfac@ 

2.1 .2 .  U s e r - d e f i n e d  f u n c t i o n s  

Operat ions over  UDT can be defined by means of 
User Defined Funct ions  (UDF).  In the Lisp lan- 
guage, the standard DE and DF functions are used 
to define UDF. The general  syntax of  the function 
is: 

(DE #: (Ti ...Tn) <function_name> (par 1 

• ..parn) (<function_body>)) 

where T1 to Tn are the respect ive types of  the pa- 
rameters  Pa r l  to parn.  UDF can be used in several 
ways.  Firs t ,  they enlarge  the scope of  functions 
already avai lable  in the DBMS. For instance, in 
the comparison operation: s u r f a c e  ( p o l y g o n )  = 
I 0 . 5  , the surface funct ion wil l  return a real 
value that wil l  be passed to the DBMS to evaluate 
the predicate .  The funct ions can also be used to 
directly manipula te  UDT since standard DBMS op- 
erators (e.g., =, < ) cannot be applied to them. In 
this case a function will  return as a result  an in- 
s tance of  a UDT. Al l  the user-def ined functions 
over a super type can be inheri ted by a subtype. 
For example,  the UDT rectangle  defined as a sub- 
type of  po lygon  inheri ts  the above surface func- 
tion. Thus, the surface function appl ied to a tri- 
angle will be al lowed by the system. 

Now, assume a surface  funct ion is def ined for 
rectangles .  The sys tem wil l  per form dynamica l ly  
a select ion of  the r ight  function according to the 
type of the a rguments  by t ravers ing  the hier-  
archy of  types. If  a column only stores values of  
the same type, then the r ight  function can be se- 
lected once for all mples.  

Once a user has defined new data types and func- 
t ions,  their  de f in i t ion  can be reg is te red  in the 
common UDT and UDF relat ion using the SAVE 
function. SAVE regis te rs  a par t icular  function,  its 
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result type, and its code with the database. The 
general syntax of the command is: 

(SAVE #:argumentl #:argument2) 

The first argument is the name of the funct ion 
(or data type) and the second one is the type of 
the result returned by the function. 

2.2. Syntax and semantics  of rules 

2.2.1 Syntax of  rules.  

An RDLI program is composed of a set of if-then 
rules called product ions  that make up the rule 
base. The two key concepts of the language are 
the notions of condit ion and action. 

The Righ t -Hand  Side (RHS) of a p roduct ion ,  
(corresponding to the then part of the rule), is a 
set of actions. There are two elementary actions, 
denoted "+" and "-". The update action "+" takes a 
ground fact (i.e., a constant  tuple) and maps a 
database state into another state which contains  
this fact. On the contrary, the action "-" takes a 
fact and deletes it from a re la t ion .Parameter i zed  
ac t ions  can be specified by using as argument of 
the action a tuple containing either constants  or 
variable terms. A multiple action consists of a se- 
quence of elementary or parameterized actions. 

The Lef t -Hand  Side (LHS) of a p roduc t ion ,  
(corresponding to the if part of the rule), is a for- 
mula of the tuple relational calculus. It consists of 
the conjunct ion  of a range definition part de- 
f i n i n g  tuple variables  over relations and a s u b -  
f o r m u l a  corresponding to a logical  condi t ion 
over the tuple variables.  The figures below sum- 
marize the syntax of the rules. 

<LHS> ::= <range condition> AND <sub-formula> 
<range condition> ::= <range predicate> 

NOT <range predicate> 
<range condition> AND ,<range condition> 

<sub-formuls> ::= <expression> 
NOT <expression> 
<sub-formula> AND <sub-formula> 

<exprcision> ::= <quantification> 
(<predicate cxp>) 

<quantification> ::= EXISTS <vats IN <relation> <quantification> 
EXISTS <vat> IN <relation> (<predicate cxp>) 
FOREACH <vat> ......... 

LHS of • rule 

In the above table, we give a BNF syntax of the 
LHS of a rule. The non terminal symbol <predicate 
exp> denotes a formula of comparison predicates 
put in a conjunc t ive  normal  form. The figure 
below gives the syntax of the RHS of a rule. We 

only specify the syntax of e lementary and pa- 
rameterized actions; a mult iple  action consists of 
a sequence of these actions. 

<action argument> ::= (<au>=<term> [,<au>f<term>...]) 

<term> ::ffi <constante> \ <var>.<att> 

insertion 

delet ion 

update 

+ R (<action argument>) 

-R (<action argument>) 

-/+ R (<vat>; <action argument>) 

2.2.2 Semantics  of  rules 

We described in the previous section the seman- 
tics assigned to an elementary action which is an 
insertion or a deletion of one tuple in a relation. 
A sequence  of e lementa ry  act ions  is not  in- 
terpreted as a sequential  execution (i.e., a nested 
execut ion)  of each act ion from left  to right.  
Rather, a mul t ip le  action is seen as an atomic 
database update that maps a database state into a 
new one where the effect of all the actions have 
been taken into account.  The effect of an ele- 
mentary action + R e s u l t  (a, b) is to assert that R e -  
s u l t  (a, b) must be present in the relation. Simi- 
laxly, the action - R e s u l t  (a, b) is to assert that 
the tuple (a, b) must  not be present  in the rela- 
tion R e s u l t  . Final ly,  the effect of the multiple 
action -Resul~: (a, b) + Resu l t :  (a, b) gives raise to 
a null  action and the database state remains un- 
c h a n g e d .  

The evaluation of a LHS returns a set of elements 
match ing  the spec i f ied  condi t ion .  This  set is 
called the matching set.  Each element  in the 
matching set is an answer tuple to the query: 

Q = (tl  . . . . .  m I LHS (tl . . . . .  m) } 

where tl  . . . . .  tn are all the free variables that ap- 
pear in the LHS of the rule. An element (a I . . . . .  
a n ) is in the matching set if and only if when 
each variable ti, l ~ i ~ n ,  is replaced by ai, the LHS 
of the rule becomes true. For instance, the evalu- 
ation of: R (x) and P (y) and x.attl = y.att2 will re- 
turn a matching set described by a relation whose 
schema is the union of the schema of R and the 
schema of P . This matching set is the answer to 
the query: 

Q1 = {x.*,y.* I R (x) and P ( y )  a n d x . a t t =  y.att } 

When the matching set of a rule is not empty, the 
rule is said to be re levant .  The semantics assigned 
to a ru le  is then as fol lows.  First ,  each 
parametrized action + R ( t i ) ( o r -  R ( t i ) ) i s  inter- 
preted as a sequence  of e lementary  actions + 
R(cl)  ... + R(ck) where each cj is an answer tuple 
to the query: 

Q = project (ti; matching_set). 
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For ins tance,  assume the act ion + resul t  (x.attl, 
x.att2, y.att3) in the RHS of a rule whose LHS is : R 

(x) and P (y) and x.attl = y.attl. Then, this action 

is interpreted as a sequence of elementary ac- 
tions + result (al) ... + result (an) where each aj is 
an answer tuple to the query: 

Q2 = project (x.attl, x.att2, y.att3 ; QI) 

When each parameter ized action in the RHS of  a 
rule has been replaced  by a sequence of  elemen- 
tary act ions  with respect  to a matching set, we 
call it an instantiated RHS. Then, the effect of the 
rule is de t e rmined  by  the ef fec t  of  i ts corre-  
sponding ins tant ia ted  RHS with respec t  to the 
matching set of the rule. An instantiated RHS is 
said effective if  i t  leads to a new database state. 
The only f i rab le  rules  are those with ef fec t ive  
ins tan t ia ted  RHS. 

When a rule is fired, its instantiated RHS is actu- 
al ly app l ied  to the da tabase  and re turns  a new 
da tabase  state.  Therefore ,  there are  two hal t ing 
conditions to the execution of a rule. One is to test 
the empt iness  of  the matching set, the other one 
is to test the effectiveness of  the RHS. 

In a rule program, the set of  all f l rable rules at a 
given t ime is cal led the conflict set. The seman-  
tics assigned to a rule program is captured by the 
i t e r a t i ve  p r o c e d u r e  that  cons i s t s  in: (i) com-  
put ing  the conf l i c t  set ,  ( i i)  choos ing  one  rule 
among the confl ict  set, and (iii) applying it to the 
database,  unti l  the conf l ic t  set  becomes empty. 

MODULE ANCESTOR ; 
tazget ANCESTOR(Father:text, Mother:text, 

Desc : setOfChildren); 

PARENT (x) -9 + ANCESTOR (x) ; 

PARENT (x) AND ANCESTOR (y) AND ( (membez 
(y.Desc, x.mother) = true) OR (mm~ez 
(y. Desc, x.Father) = true)) 

-9 - ANCESTOR (y) + ANCESTOR (Father = 
y. Father, Mother=y.Mother, DescrY.on (y. Desc, x. 
Children) ) ; 

e n d .  

In this example,  the two UDF m e m b e r  and u n i o n  
are def ined for the setOfChildren d o m a i n .  The  
m e m b e r  operator  takes two parameters  : the first 
one is the name of  the parent  that is to be identi- 
fied in the second parameter  which is the set o f  
chi ldren.  The u n i o n  opera tor  bui lds  the set of 
children based on the union of  both sets passed as 
parameters .  After  the f ir ing of  the previous  rood- 
ule, the instance of  the ANCESTOR relat ion is as 
follows : 

F a t h e r  J M o t h e r  Desc 

l 
P e t e r  [ M a r y  {Louis, John} 

P h i l i p p e  I L o u i s e  {Mary,Anne,Louis, John) 

Negat ion  vs de le t ion  

2.4 Examples  of  rule  programs  

In this section we give some examples  of rule pro- 
gram. An RDLI  rule program is decomposed into 
rule modules .  A rule module  admits a set of  rela- 
t ions as input  (cal led source relat ions) ,  and a set 
of  re la t ions  as an output  (cal led target  relat ions) .  
A rule module  is the smal les t  compila t ion unit  of  
the l anguage .  I t  can be  read,  and eventua l ly  
modi f i ed  without  affect ing the compi la t ion  of  the 
rule base.  A module  is thus seen as a "black box" 
whose access ib le  entr ies  are the target  re la t ions.  
These rela t ions can in turn be used to bui ld new 
m o d u l e s .  

Recurs lon  over  sets;  Mult ip le  updates .  

Let PARENT be a base relation where the domain 
of Children is a set of names: setOfChildre.. 

F a t h e r  I M o t h e r  

P e t e r  [ M a r y  
P h i l i p p e [  L o u i s e  

C h i l d r e n  

{Louis, John} 
{Mary, Anne} 

A rule module  which solves  the ancestor  problem 
for this PARENT relat ion is the fol lowing one: 

In certain cases [Abitebou189], negation in LHS of 
rules is equivalent  to delet ion in RHS. This is the 
case for the fo l lowing s imple  program.  

Base relat ions are PENGUINS,  CROWS having for 
s c h e m a  { N a m e ,  C o u n t r y ,  P r e d a t o r } .  The  
WINGS_DEL module  computes  the animals  which 
fly. The predica te  DONE avoids the rule program 
to loop over the third and fourth rules. 

MODULE WINGS DEL ; 
tazget FLY (Name : text) ; 
PENGUINS (x) -9 + BIRDS (Name = x.Name) ; 

CROWS (x) -9 + BIRDS (Name = x.Name) ; 

BIRDS (x) AND not DONE(x)--~ + FLY (Name = x.Na 

PENGUINS (x) -9 - FLY (Name = x.Name) ; 

e n d .  

The next module  is equivalent  to the previous one 
and uses negation in LHS of  the rule. 

MODULE : WINGS-NEG ; 
tazget : FLY (Name) ; 

zulea : 

PENGUINS (x)--~ + BIRDS (Name = x.Name) ; 

CROWS (x) -9 + BIRDS (Name = x.Name) ; 

BIRDS (x) AND NOT PENGUINS (x) 
-9 + FLY (Name = x. Name) ; 

end. 
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3 AN E X E C U T I O N  M O D E L  F O R  R U L E  P R O -  
G R A M S  

3.1 M o t i v a t i o n s  

One of  the main  p rob lems  encounte red  in the 
f ramework of  Deduct ive  Database is how to evalu- 
ate a rule program, that is a query. Most  query 
p r o c e s s i n g  a l g o r i t h m s  for  d e d u c t i v e  d a t a b a s e s  
re ly  s t rongly on graph models .  Such models  have 
been proposed  in the l i tera ture  for a logic  based 
l anguage  such as D A T A L O G ,  (see  for  ins tance  
[Aly87] for a Petr i -Net  based model) .  In order  to 
mode l  the upda te  capab i l i t i e s  of  RDL1 and to 
obta in  a t ight in tegra t ion  be tween  the deduc t ive  
capabi l i t i es  of  the rule  language  and the DBMS,  
we have  p r o p o s e d  [ M a i n d r e v i l l e 8 8 b ]  ano ther  
Pe t r i -Net  based  model ,  ca l led  Product ion  Compi-  
la t ion Ne twork  (PCN). In the next  sect ion,  we 
presen t  through some examples ,  the PCN model  
used to implement  the RDL1 language. 

3.2 T h e  P r o d u c t i o n  C o m p i l a t i o n  N e t w o r k  

The s t ruc tura l  aspec t  of  a PCN represen t s  the 
r e l a t ionsh ips  be tween  rules  and re la t iona l  p red i -  
cates as specif ied by a rule  program. The fol low- 
ing associa t ions  can be  made  be tween rules  and 
the PCN structure.  W e  represent  each rule by a 
t rans i t ion  and each re l a t iona l  p red ica t e  invo lved  
in a rule by a place.  The relat ional  predicates  that 
occur in the LHS of  a rule are input places to the 
t r ans i t ion  r e p r e s e n t i n g  the rule ,  and the re la-  
t ional predicates  that occur in the RHS of  the rule 
are the output  p laces  of  this transit ion.  The con- 
d i t ion of  a rule  is represen ted  in the t ransi t ion 
i n s c r i p t i o n .  

The dynamic aspect  of  the PCN consists in the se- 
mantics  associated to the firing of the PCN transi- 
tions. This  cor responds  prec ise ly  to the semant ics  
of the RDL1 language,  i.e PCN can model  the be- 
hav io r  of  any RDL1 p rogram [Malndrev i l l eggb] .  
In the following we give examples of PCN . 

The PCN of Figure 3.1 corresponds to the ANCES- 
TOR Module  def'med in the previous section. Two 
re l a t iona l  p r e d i c a t e  names  appear  in the rules .  
They lead to the p laces  PARENT and ANCESTOR 
(represented by the c i rc les  P and A on the net). 
The first  ru le  is mode l l ed  by the t ransi t ion T1 
whose inscr ipt ion is the formula TRUE. The sec- 
ond rule is mode l led  by the transi t ion T2, whose 
inscription is F: m e m b e z  (y. Desc, x.mother) OR 
membez(y.Desc, x.father). On the net. transi- 
tions are represented by boxes.  The arcs outgoing 
from PARENT are label led by x. The arc outgoing 
from ANCESTOR is label led by y. Finally,  the arc 
going from T2 to ANCESTOR is labelled by -y + 
(y. Father, y.Mother, 
~u~ion (x. children, y.Desc) ) 

T1 

-y + (y.father, y.mother, 
union (y.desc, x.children)) 

Figure 3. 1 : PCN for  the Ancestor rules 

An SQL query is represented as a single transition 
with severa l  input  p l ace s  and a s ingle  output  
p lace  represen t ing  the resul t  of  the query. Thus, 
a deduct ive  query can be represented as the com- 
binat ion of  two PCNs. The first  one represents  all 
the rules needed  to def ine  the content  of  the in- 
put p laces  of  the query.  The second net  repre-  
sents the query itself.  The result ing PCN is called 
a query PCN. 

A PCN is a uniform execut ion model  for imple-  
me n t i ng  upda t e s  and t r i gge r s  in a d e d u c t i v e  
database. The PCN model  provides  (i) a good index- 
ing scheme o f  rules  s torage structure,  and (ii) a 
formal  f r amework  to desc r ibe  genera l  computa-  
t ion s t ra tegies  and query op t imiza t ion  a lgor i thms 
[ M a i n d r e v i l l e 8 8 b ] .  

4 T H E  A R C H I T E C T U R E  O F  T H E  RDL1 SYSTEM. 

In this  sect ion,  an overv iew of  the funct ional  
archi tecture  of  the RDL1 deduct ive  da tabase  sys- 
tem is given. Then,  the speci f ic  modules  devoted 
to the compi la t ion ,  op t imiza t ion  and execut ion of 
rules are descr ibed  in detai l .  

4 .1 .  P r o c e s s  s t r u c t u r e  a n d  f u n c t i o n a l  ar-  
c h i t e c t u r e  

The general  sys tem archi tecture  is based  on the 
a rch i t ec tu re  of  the S A B R E  r e l a t i ona l  da t abase  
system [Gardarin86].  I t  is d iv ided  into three func- 
t ional  layers:  i) the language  parser ,  ii) the rule 
evaluator  and the re la t iona l  query opt imizer ,  and 
i i i )  the a l g e b r a i c  and p h y s i c a l  mach ine .  The  
func t iona l  a r c h i t e c tu r e  of  the  sys tem is por -  
t rayed on the f igure  4.1. The shaded part repre-  
sents the t rad i t ional  code of  a re la t iona l  system. 
The whi te  par t s  e s sen t i a l l y  represen t  the addi-  
tional code to obtain a deduct ive database system. 
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At the lowest  level ,  the bas ic  opera t ions  of  the 
RDLI  language are those of  relat ional  algebra ex- 
tended with aggregates  and functions.  These are 
supported by an algebraic machine (a part of the 
SABRE re la t iona l  da tabase  sys tem [Gardarin86]) .  
The phys ica l  machine  accesses  the data on disks 
and managesv  da ta  shar ing  and re l i ab i l i t y .  To 
p r o c e s s  t h e s e  o p e r a t i o n s  e f f i c i e n t l y ,  a cce s s  
methods  are managed,  a cache memory  is used, 
eff ic ient  a lgor i thms for jo in  and select ion opera-  
tions are implemented .  

User Defined data  Types  and Functions appearing 
in RDL1 rules and in SQL queries are handled by 
the UDT/UDF evaluator .  The fi l tering processor  of 
the a lgeb ra i c  ma c h ine  p e r f o r m s  se lec t ions  and 
evaluates  funct ions over  at tr ibute values.  UDF are 
eva lua ted  with  r epea ted  ca l l s  to the UDT/UDF 
evaluator  by the fi l ter.  

Figure 4.1 : Functional  architecture of  the RDLI 
s y s t e m  

4.1.1 The language  parser  

In the func t iona l  sys tem arch i tec tu re ,  the two 
main interfaces of  the deduct ive  da tabase  are the 
rule l anguage  and an ex tended  vers ion  of  SQL. 
The RDLI  parser  compi les  the rules into an in- 
ternal r epresen ta t ion  ca l led  PCN. This  PCN is 
then s tored in the re la t ional  database.  

SQL is used to query der ived  or base  re la t ions  
(RDL1 is fully compat ib le  with SQL), and also to 
def ine  in tegr i ty  const ra ints  and user  def ined data 
types  and operators .  

4.1.2 The  rule l anguage  eva luator  

When  a query invo lv ing  a de r ived  re l a t ion  is 
submit ted to the system, the first  step consists  in 
r e t r i ev ing  the pe r t inen t  PCN, i .e ,  the min ima l  
PCN which is able to produce facts in the deduced 
re la t ions  involved  in the query. The opt imiza t ion  
phase fol lows.  This phase is d iv ided in two sub- 
parts.  The first  one consis ts  of a logical  rewri t ing 
of  the PCN. This  is done  us ing severa l  trans- 
fo rmat ion  techniques  which wil l  are de ta i l ed  in 
the next  section. The second opt imizat ion phase is 
per formed at run t ime and consists  in ef f ic ient ly  
managing  the set of  f i rab le  rules.  Fi r ing a rule  
genera tes  a r e la t iona l  query which is p rocessed  
by the Query Evaluation Processor (QEP). The QEP 
performs the decompos i t ion  of re la t ional  ca lculus  
e x p r e s s i o n s  in to  an o p t i m i z e d  s e q u e n c e  o f  
r e l a t i o n a l  ope ra to r s .  Thus ,  ru le  p r o g r a m s  are  
solved by repeti t ive calls to the QEP issued by the 
PCN evaluator .  

4.2 Rule  s torage  and retr ieval  

As observed in the previous  section,  PCN can be 
used to mode l  i n t e r r e l a t ionsh ips  be tween  predi-  
cates and rules.  In our  implementa t ion ,  the PCN 
model  is used for compi l ing  rules ,  and provides  
the internal form for storing rule modules  in the 
database.  Our  propos i t ion  for s toring rules in the 
database using PCN offers  three main advantages.  

Fi rs t ,  it  a l lows a h o m o g e n e o u s  management  of  
rules and facts  in a deduc t ive  da tabase  system. 
Thus, s tandard fea tures  of  da tabase  systems such 
as phys ica l  and semant ic  in tegr i ty ,  recovery  and 
sharing can be appl ied  to the management  of the 
ru les .  M o r e o v e r ,  r u l e s  can  inc lude  p r ed i ca t e s  
ranging  over  the re la t ions  that  s tore  the rules. 
M e t a - k n o w l e d g e  can  thus be  eas i ly  in tegra ted  
and handled with rule programs.  

Second, it al lows rules to be stored in a pre-com- 
piled form using the descr ipt ive power  of the PCN 
mode l ;  

Third,  a rule base  is s tored in a compact  form 
which is eas i ly  ma in ta ined .  This  las t  proper ty  
pe rmi t s  e f f i c i en t  access  to the r e l evan t  ru les  
when a query has to be processed.  

The schema of  the rule database  consists  of  five 
re la t ions  desc r ibed  be low.  

MODULE (#module, module_name) is a rela- 
tion identifying the rule modules with 
an id and a user given name 

PERTMODULE(#module, #relevant module) is a 
relation defining for each module the 
relevant modules that participate in its 
definition. 

TRANSITION (#trans, predicate, recur- 
sive transition, explanation) is a re- 
lation describing each transition with a 
transition id, the associated predicate, 
whether it is recursive or not, and a 
textual explanation of the rule. 
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TRANSITION (#module, #place, edge_label, 
#transition) is a relation describing 
edges that link a place to a transition. 

TRANSITION P(#module, #transition, #place, 
edge_label ) is a relation describing 
edges that link a transition to a place. 

A more detai led discussion about rules storage and 
re t r ieval  is ava i lab le  in [Cheiney89].  

4.3 Optimizing and executing rule pro- 
g r a m s .  

In a deduct ive  da tabase  sys tem,  opt imiza t ion  and 
execut ion s t ra tegies  should  be  unders tood togeth-  
er. In our system, rules are computed in two main 
phases .  The  f i r s t  one p e r f o r m s  a l o g i c a l  
op t imiza t ion  of  the query PCN. The second one 
pe r fo rms  an e f f i c i en t  m a n a g e m e n t  of  the con-  
fl ict  set. 

4.3.1 Logical rewriting of rule programs. 

The goal is to rewrite a PCN into an optimized one. 
Such a t ransformat ion  is pe r formed  in the three 
main steps descr ibed below.  

• reduce  the number  of  t ransi t ions  appear ing  in 
a PCN . This reduces the number  of  cal ls  to the 
Query Optimizer .  We  des igned an algori thm which 
consists  in t raversing the PCN and, for each p lace  
P, g rouping  its output  t rans i t ions  with i ts input  
t r an s i t i ons .  Th is  m e r g e  o p e r a t i o n  d e p e n d s  on 
syntac t ic  condi t ions  over  the net. This  technique 
can be  seen as an extens ion of  query modi f ica-  
tion. Merg ing  the LHS of  severa l  ru les  into a 
s i n g l e  t r a n s i t i o n  m a k e s  p o s s i b l e  a g l o b a l  
o p t i m i z a t i o n  of  the r e l a t i ona l  expres s ions  con-  
ta ined in this t ransi t ion.  This  point  as a general  
o p t i m i z a t i o n  t e c h n i q u e  was  a lso  s t u d i e d  in 
[Sel l i s88 ,  Kr i shnamur thy86] .  

• r e c o g n i z e  c o m m o n  s u b - f o r m u l a e  in d i f f e ren t  
t rans i t ions  in order  to f i l ter  tuples  that  sa t i s fy  
t h i s  f o r m u l a  o n c e  f o r  a l l  t r a n s i t i o n s  
[Maindrevi l le87] .  The same technique also appl ies  
to a recurs ive  t ransi t ion if it  contains  a sub-for-  
mula  whose truth va lue  does  not change between 
two f i r ings .  

• move  up the se lec t ion  p red ica tes  next  to the 
base  re la t ions .  This  wel l  known technique  con-  
sists  in pe r fo rming  se lec t ion  opera t ions  as soon 
as poss ible  during the processing of the PCN. This 
p rob lem cal ls  for spec ia l  a lgor i thms,  in par t icu-  
lar for recurs ive ly  def ined relat ions.  In the RDLI  
system, we implemented  an a lgor i thm which per- 
fo rms  such a task  for  r e c u r s i v e  l inea r  ru les  
[Maindrevi l le87] .  It is a backward  chaining algo- 
ri thm which traverses the PCN and for each tran- 
si t ion,  recurs ive  or not,  pushes up the constants  
to the next  upper  level .  Our algori thm has some 
s imilar i t ies  with one of  the algori thm proposed  in 
[Sel l i s88] .  

4.3.2 Firing rules us ing extended rela. 
t ional algebra programs 

The execution phase  is a cycle  consist ing of three 
actions:  match,  select ,  and fire.  Firs t ,  the inter- 
p re te r  f inds  all  the  r e l e v a n t  t rans i t ions  whose 
cond i t ions  m a t c h  the current  database  state. The 
PCN eva lua to r  takes  a t rans i t ion  and the rela-  
t ional  query opt imizer  processes  it. It  decomposes  
the t ransi t ion into an op t imized  set of  re la t ional  
a lgebra  expres s ions  which are  e x e c u t e d  by the 
a l g e b r a i c  and p h y s i c a l  m a c h i n e .  A t empora ry  
re la t ion that co r responds  to the matching  set of 
the t rans i t ion  is re turned.  Only  those t ransi t ions 
whose match ing  set is not  empty  are said rele-  
vant.  Among this set of  t ransi t ions  the c o n f l i c t  
set is buil t  with all the f irable rules (i.e., the ones 
that can change  the database  state). To de t e rmine  
it, the PCN evalua tor  computes  the effect  of each 
r e l evan t  t rans i t ion .  Th is  r equ i r e s  to p rocess  a 
un ion  (or  a d i f f e r e n c e )  o p e r a t i o n  be tween  a 
p lace  and a p ro j ec t ion  of  the match ing  set for 
each output arc of  the transit ion.  Final ly ,  the PCN 
evalua tor  se lec t s  one transit ion in the confl ict  set 
and f i r e s  it. We  next  rev iew the main issues of 
op t imiza t ion  in this execut ion  cycle .  

A first issue is to choose  the next  transit ions that 
should be considered for re levance  at any step of 
the execu t ion  cyc le .  Th is  wi l l  d e t e r m i n e  the 
number  of  ru les  e x a m i n e d  concu r r en t ly  in the 
confl ict  set. A strategy for such a choice is called 
the conf l i c t  r e so lu t i on  s t ra tegy .  In  our  system,  
the conf l ic t  reso lu t ion  s t ra tegy is based  on firing 
by s tepwise  sa tura t ion  and chain ing .  I t  induces 
an imp l i c i t  pa r t i a l  o rde r ing  among  the  t ransi-  
t ions of the conf l ic t  set. This order ing is defined 
as fol lows : If  two transi t ions t I and t 2 are in the 
confl ic t  set, then t I i t 2 iff  there is a path in the 
PCN going from t I to t 2. If t I i t 2 and t 2 t t I then  
t I n t 2. This means  that the content  of  a relation 
must  reach a s tab le  s ta te  before  cons ider ing  an 
other  rule  us ing  it. In  pa r t i cu la r ,  this  s t ra tegy 
implements  the not ion  of  s t r a t i f i c a t i o n  def ined  
for logic  programs.  From an op t imiza t ion  point  
of  v iew,  this s t ra tegy min imizes  the number  of  
relat ional  queries used to execute the PCN. For in- 
stance, it  leads  to f i re  a non recurs ive  rule only 
once. Also,  this s t rategy impl ies  that there is no 
more than one rule in the confl ict  set at any time. 
Indeed,  a rule  is f i rs t  tes ted  for r e levance  ac- 
cording to the par t ia l  order.  I f  the test  fails,  a 
next rule  is chosen in the hierarchy.  Similar ly ,  if  
a rule is relevant,  one tests if it is firable.  I f  not, 
an other rule  is chosen. 

Fi r ing a t rans i t ion  impl i e s  r ecomput ing  the con- 
fl ict  set because  the da tabase  s tate  has changed.  
This task is the major  t ime consuming part of  the 
execut ion  cycle .  Thus,  it  dese rves  spec ia l  effort  
for query op t imiza t ion .  Two ma in  tasks are in- 
volved  in the recomputat ion.  One is to recompute  
the matching set of  a rule, and second is to com- 
pute  the effect  of  the rule.  Such a task can be 
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t i m e  c o n s u m l n g  w h e n  c o n s i d e r i n g  n o n  
monoton ic  p rog rams  because  (i) some rules  for  
which the test of  re levance fai led at one step may 
become  f i rab le ,  and ( i i )  some rules  that  were  
fired may become f irable  again. This means that a 
s i m i l a r  task  can be  r e p e a t e d  on c o n s e c u t i v e  
cycles.  We  proposed a first  algori thm [Regnier89] 
which  ma in ta ins  some  in fo rma t ion  accross  the 
execution cycles , in order to optimize this task. 

The last  issue is the processing of  a rule at the 
level  of  the a lgebra ic  and phys ica l  machine.  The 
p rob lem is to e f f i c i en t ly  s tore  t empora ry  re la-  
tions in main memory in order to perform (i) fast 
eva lua t ion  of  the match ing  set of  a t rans i t ion ,  
and (ii) fast unions and d i f ferences  involved  in 
the f i r ing  of  a t r ans i t ion .  S t anda rd  r e l a t i ona l  
DBMS do not  t reat  t emporary  re la t ions  as f irst  
c lass  c i t izens .  Indeed,  most  of  the DBMS store 
t emporary  re la t ions  as sequent ia l  f i les.  The first  
m e a s u r e m e n t s  we p e r f o r m e d  on our  p r o t o t y p e  
exhib i t  that improvemen t s  could  be obta ined  by 
us ing index ing  schemes  for  t emporary  re la t ions .  
Neve r the l e s s ,  a s suming  that  t empora ry  r e l a t ions  
can be indexed in main memory,  determining the 
most appropr ia te  way of  indexing them is a very 
complex task. The PCN model  needs to be extended 
to cap ture  p h y s i c a l  i n fo rma t ion  such as sor ted  
r e l a t i o n s ,  c a r d i n a l i t y  o f  r e l a t i o n s ,  i n d e x i n g  
schemes.  A first  step in this direct ion is knowing 
which  t e m p o r a r y  r e l a t i o n s  have  a l r eady  been  
sor ted .  A be t t e r  i n t eg ra t ion  be tween  the PCN 
e v a l u a t o r  and the  r e l a t i o n a l  query  o p t i m i z e r  
should  enhance  such improvements .  

$ I M P L E M E N T A T I O N  

In this sec t ion ,  we desc r ibe  the implemen ta t ion  
detai ls  of  the rule evaluator  and the user-def ined 
data types and functions.  The approach to produc-  
tion rules  is an in tegra ted  one whereby the rule 
p r o g r a m  e v a l u a t o r  is  c o n s t r u c t e d  w i th in  the 
da tabase  server  and uses internal  da tabase  opera-  
t ions to per form PCN evaluat ion .  The UDT/UDF 
evaluator is at the core of the DBMS system and is 
cal led by the filter.  

S.1 I m p l e m e n t a t i o n  o f  an  e x t e n d i b l e  r u l e  
e v a l u a t o r .  

This in t eg ra ted  approach  to p roduc t ion  rules  is 
pe r fo rmance  sens i t ive .  Rule  p rog rams  are com-  
p i l ed  into an in te rna l  r e p r e s e n t a t i o n  which  is 
more  e f f ic ien t  to manage  than the externa l  lan- 
guage  syntax.  Low- leve l  opera t ions ,  not  ava i lab le  
at the ex te rna l  l anguage  level  (SQL) are  used 
a p p r o p r i a t e l y .  An  ad -hoc  i n t e r a c t i v e  p r o g r a m -  
ming env i ronmen t  is p rov ided  to implement  the 
rule evaluator .  In this environment ,  two kinds of  
bas ic  p r imi t i ve  opera t ions  are made  ava i l ab le  to 
the p rog rammer .  F i r s t  are  the DBMS internal  
func t ions  for  pas s ing  r e l a t i ona l  quer ies  to the 
query  o p t i m i z e r ,  and for  m a n a g i n g  t e m p o r a r y  

re la t ions .  Second are the funct ions  that manipu-  
late the structure of  a PCN (e.g., to access to its 
componen t s ,  to m o d i f y  them).  The p r o g r a m m e r  
enters  this  e n v i r o n m e n t  v ia  a pa r t i c u l a r  com-  
mand of  the extended SQL language. There, he may 
either consul t  all  the functions that make  the rule 
evaluator  or modi fy  them, or add new functions. 
The regis t ra t ion  of  new funct ions into the RDLI 
system code is done using specif ic  commands.  It 
does  not  r equ i re  a r ecompi l a t i on  of  the ent ire  
system code. 

The main advantage  of  such a programming envi- 
ronment  is to offer  a system extens ib i l i ty  through 
the rule evaluator .  This  concept  of  extensibi l i ty  is 
c lose  to the one inves t iga ted  for database  pro- 
gramming [Carey86,  Batory88] .  Indeed,  there are 
d i f ferent  s t ra teg ies  for eva lua t ing  rule programs.  
Some may  be more  e f f i c ien t  than others  when 
cons ider ing  assumpt ions  about  appl ica t ions .  Also,  
s l igh t ly  d i f fe ren t  s eman t i c s  can be ass igned  to 
rule  p rograms  [Brownston85,  Abitebou189].  Fea-  
tures l ike backtracking may also be useful for ap- 
p l ica t ions  with la rge  rule bases .  W e  next  detai l  
how this envi ronment  is implemented .  

To implement  the rule eva lua tor  in an extendible  
way, we used a special  implementa t ion  of  a U S P  
in terpre ter  that was des igned  and in tegra ted  with 
the DBMS [Gardarin89]. This is the UDT/UDF evalu- 
ator. The same component  is also respons ib le  of 
eva lua t i ng  U D F  occu r ing  in r e l a t i o n a l  quer ies .  
Therefore ,  the rule eva lua tor  is a LISP program 
which evalua tes  the PCN unti l  i t  has reached a 
s table  state.  A set of  p r imi t ive  opera t ions  corre- 
spond to basic  operat ions over  the PCN and its el- 
ements  which  are p laces ,  arc labe ls ,  t ransi t ions  
and re la t ions .  For  example ,  re la t ions  are accessi-  
ble as LISP objects.  At  the PCN evaluator level, op- 
erat ions per formed over  re la t ions  are UNION, IN- 
TERSECTION, MERGE, DIFFERENCE, REMOVE-DOU- 
BLES, TUPLE-COUNT. Calls to these LISP primitive 
opera t ions  are t rans la ted  into d i rec t  ca l l s  to the 
da tabase  opera tors .  Resul ts  of  the opera t ions  are 
also returned as LISP objects.  

User  def ined funct ions,  which implement  the rule 
evaluator  are stored in the (recta)database.  Differ- 
ent evaluat ion s t ra tegies  can thus be implemented 
and s tored in the database .  The UDTIUDF inter- 
pre ter  is aware  of  the (me ta -da t abase )  re la t ion  
tha t  s t o r e s  u s e r - d e f i n e d  f u n c t i o n s ,  and au- 
t o m a t i c a l l y  r e t r i e v e s  func t ions  when they are 
n e e d e d .  

The external  interface to the rule evaluator  is the 
fo l lowing : 

procedure rule eval (programname : text, 
PCN : S-expression, query : Q-tree); 

beg~ 
I z~sult := APPLY (progr~_name, PCN) ; 
i CC_aX.ANSWEa := r e s u l t  

l end ; 
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The ru l e_eva l  p rocedure  accepts  three pa- 
rameters. The first parameter is the name of the 
LISP program that is to be used to evaluate the 
PCN. Then the PCN follows. It is a LISP S-expres- 
sion. The QUERY parameter contains the query 
and the answer field which is used to store the 
rule program result. The apply function is the 
LISP apply function which starts the execution of 
the rule evaluation program against the PCN. 

5.2 I m p l e m e n t a t i o n  of  the UDT/UDF 
u a t o r .  

eva l -  

The implementation of the LISP interpreter de- 
scribed for PCN evaluation is also at the heart of 
UDT/UDF evaluation. The UDT/UDF evaluator is 
called by the filter to evaluate functions used in 
relat ional  expressions.  For each selected tuple, 
the UDT/UDF evaluator is called with the function 
name and tuple values selected as function pa- 
rameters. It returns one result per tuple. As for 
the rule evaluator, the interpreter is aware of the 
database relation used to store user-defined func- 
tion code. Referenced functions which are not in 
memory are searched for in the database. 

Seeing that the interface to the UDT/UDF evalua- 
tor is contained in the most inner loop of the 
DBMS program, design choices for the inter- 
preter were made to respect performances. 

In this implementa t ion of LISP, opt imizat ions 
could be made because the UDT/UDF evaluator is 
not  an end -use r  p r o g r a m m i n g  env i ronmen t  
where environment var iables  need to be main- 
tained. Indeed, only function code persists be- 
tween evaluation cycles. It can be identified as 
such when read into the interpreter. All other 
memory can be reused between cycles. This strat- 
egy el iminates  the costly problem of garbage 
collect ion whereby the entire memory needs to 
be traversed or reference counts managed. Fur- 
thermore, tuple values are considered as non- 
symbolic. This optimizes the READ phase because 
no symbol dictionary needs to be managed. Also, 
s imple values such as numbers and character  
strings are returned in their binary representa- 
tion as function results. 

The interface to the UDT/IJDF evaluator is the 
f o l l o w i n g :  

Procedure ApplyUdt (opname:text; 
arglist:list) :result; 

begin 
lispargs := convert (arglist) ; 
ApplyUdt := Apply(opname, arglist) ; 

end; 

This s implif ied procedure receives two parame- 
ters which are respectively, the name of the UDF 
to apply and the list of values to which the func- 
tion is to be applied. The argument list is con- 
verted into a representation manageable by LISP. 
Then, the function is applied to this list using the 

standard LISP Apply function which returns the 
result of the operation. 

6 CONCLUSIONS 

This paper presented an overview of the RDL1 
system. It is a rule based programming environ- 
ment which is integrated with an extended rela- 
tional DBMS supporting user defined data types. 
The RDLI language is then an extension of the 
Datalog language towards the support of nega- 
tion, updates, and functions. RDLI programs are 
compiled into an internal execution model called 
Production Compilation Network (PCN). This in- 
ternal representation is easily managed by a re- 
lational database. A set of rules forms a connect- 
ed graph, the PCN, which represents the rule pro- 
gram. The PCN can be altered by the PCN op- 
timizer before running the query evaluator. The 
PCN evaluator traverses the PCN to execute the 
rule program over the database. 

Conclusions derived from first performance re- 
sults of the RDLI system follow. Other measures 
are currently being performed. 

In the RDLI system, the support of operations 
over complex domains and the support of complex 
updates are the most time consuming part of the 
computation process.  For updates,  the extensive 
use of union and differences requires to optimize 
these operat ions.  An interes t ing discussion of 
this problem can be found in [Sellis85], where 
rewriting techniques are provided to replace a 
sequence of append and delete commands into op- 
timized ones. At the execution level, most of the 
time is spent in mater ia l iz ing temporary rela- 
tions, and checking the termination of rule fir- 
ing (which involves  the di f ference operation).  
In order to be more efficient,  we envision im- 
plementing the rule language over new data 
s t ructures  based  on inver ted  graphs  which 
precompile relat ional  operations providing direct 
access to tuples in main memory [Puchera189]. 

A good storage structure for the rule programs 
has to be provided. Two points have to be taken 
into account : first,  the rule storage structure 
must permit an eff icient  extraction of relevant 
rules. In order to be efficient, we designed a spe- 
cial algorithm based on a double hashing of the 
join attributes [Cheiney89]. Secondly, the rule 
storage structure must permit to precompile use- 
ful information for the query processing phase 
such as rule recursivity,  access methods defined 
on relations. . .  

The operations computed over complex domains, 
UDT can also be implemented in C and compiled 
into object  code. The interpreter  dynamical ly  
loads user-defined C programs. LISP and C pro- 
grams can be combined. For example the defini- 
tion of the SURFACE operator for polygons can be 
implemented in C and registered. Errors arising 
in C programs may cause the database process to 
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terminate abnormally. Another point we have 
studied [Cheineyg8] is the possibility to cluster 
relations according to the xesult of user-defined 
operators applied on basic or user-defined do- 
ma in s .  

The RDL1 system was developed and prototyped at 
INRIA on UNIX workstations. The current proto- 
type implements all the functionalities presented 
in this paper and is fully integrated in the rela- 
tional DBMS. It has been demonstrated at the ACM 
SIGMOD'89 Conference. 
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