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Abstract 

The theory of Amalgamated Knowledge' Bases [7] rep- 
resents a formal logical foundation for  heterogeneous 
databases. In an Amalgamated Knowledge Base, data 
sources are modeled by generalized annotated logic. More- 
over, an Amalgamated Knowledge Base is equipped with a 
supervisor acting as a mediator for  amalgamating knowl- 
edge from the local databases. Even if the framework is 
quite appealing, it does not model dynamic aspects. More- 
over, no communication channels among local databases 
are supported and cooperation is provided only through the 
supervisor: In  this paper, we extend the theory of Amalga- 
mated Knowledge Bases to deal with actions and coopera- 
tion among local databases. 

1. Introduction 

In a multidatabase system one of the central problems is 
how knowledge from multiple and heterogeneous sources 
can be integrated. Two different types of integration can be 
devised: static integration, concerning the ability to model 
heterogeneous data sources and to integrate several data 
management systems to collectively answer user queries; 
dynamic integration, concerning the ability to update data 
and to propagate updates among the various data sources, 
possibly through the use of active rules. Integration can 
be provided both at the global level or at the local one. In 
the first case, some software components, such as media- 
tors [8], can be used, providing users with an integrated 
view of multiple sources, making transparent the underly- 
ing data heterogeneity. In the second case, local databases 
can be extended to directly interoperate, so that cooperation 
among local sources can be supported. In both cases, unlike 
centralized database systems, there is the need of modeling 
knowledge which is often uncertain. 

In designing a multidatabase system, we believe that an 
important aspect is the definition of a formal framework 
by which integration among heterogeneous systems can be 
modeled according to a declarative style. This considera- 

tion calls for a declarative approach allowing one to fully 
model all aspects of integration described above and to pro- 
vide the basis by which properties of heterogeneous infor- 
mation systems can be proved. To this purpose, the use of a 
logical approach seems very promising. 

Among the logical approaches that have been proposed, 
the amalgamated knowledge base framework proposed by 
Subrahamanian [7] is one of the few proposals providing a 
formal logical foundation to cooperative knowledge bases. 
In this framework, generalized annotated logic [6] is used to 
model data sources. The use of annotated logic provides the 
right formalism for modeling inconsistencies and uncertain 
knowledge, typical of heterogeneous environments. The 
notion of supervisor is thus introduced as a mediator, amal- 
gamating the knowledge from the various local databases. 
Even if the amalgamated knowledge based framework is 
quite appealing, it does not model other aspects, that are 
very relevant in the context of multidatabase systems. In 
particular, it does not models dynamic aspects and cooper- 
ation between local databases and thus it does not support 
reactive behavior. 

In [ 2 ] ,  we have proposed a logical framework, called 
Heterogeneous U-Datalog (HU-Datalog for short), support- 
ing both static and dynamic integration and cooperation be- 
tween data sources. Such framework, however, does not 
support the amalgamation of the knowledge from the lo- 
cal sources and it does not model uncertainty. More pre- 
cisely, in an HU-Datalog system, each local source consists 
of an extensional database and an intensional database rep- 
resented as a set of U-Datalog rules [4]. Sources cooper- 
ate through message passing through labeled atoms in rule 
bodies. This means that, during the evaluation process, a 
source may require the evaluation of a subquery to another 
source. Labels can also be variables, thus supporting both 
static and dynamic communication channels. In order to ex- 
hibit a reactive behavior, active rules in the style of Active- 
U-Datalog [ 11 are also included both in each data source and 
at the global level, to provide update propagation among 
heterogeneous databases, according to the PARK semantics 
[ 5 ] .  Under the PARK semantics, conflicts, i.e., situations 
where two or more active rules are fired and require both 
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‘ the insertion and the deletion of the same information, are 
solved according to specific application requirements. 

The aim of this paper is to combine the Amalgamated 
Knowledge Based Approach proposed in [7] (but without 
considering negation) with Heterogeneous U-Datalog, in 
order to obtain a framework, called Annotated Heteroge- 
neous U-Datalog (AHU-Datalog for short), modeling static 
and dynamic integration of heterogeneous databases, in a 
cooperative environment modeling uncertainty. In the pro- 
posed framework, each source is an AHU-Datalog database, 
i.e., an HU-Datalog database in which each atom is anno- 
tated with a specific truth value, taken from a complete lat- 
tice. Local databases can be integrated through the use of 
a supervisor. Differently from what has been presented 
in [7], in our framework the supervisor can execute updates 
and supports global active rules. Such rules can propagate 
updates depending on the whole status of the integrated sys- 
tem. The result is a language modeling static and dynamic 
behavior, uncertainty and cooperation, representing a for- 
mal basis for analyzing properties of heterogeneous sys- 
tems. A fixpoint semantics is proposed for the amalgam, 
integrating those presented in [7] and in [2]. 

The paper is organized as follows. Section 2 introduces 
the syntax of AHU-Datalog whereas the semantics is pre- 
sented in Section 3. Due to space constraints, proofs of the 
proposed results are not included but can be found in [3]. 
Finally, Section 4 presents some conclusions and outlines 
future work. 

2. AHU-Datalog: the syntax 

In the following we introduce the notions at the basis of 
the proposed framework. All the proposed concepts refers 
to a complete lattice 7, containing a least element 1. 

Annotations I Annotations are constructed upon a specific 
T-language, composed of: (i) the union F of sets Fi of 
total continuous functions (thus, .F = Uz, lFi ) ,  each of 
type (7)z + 7, such that each f E F’is computable 
and each set Fi contains an i-ary function Ui’ that, given 
p1, . . . , pi as input, returns the least upper bound (lub) 
of { p l ,  . . . , p i } ;  (ii) a set C of constant symbols. We 
assume that the 7-language also contains an infinite set 
V, of variable symbols. An annotation is a 7-term, that 
is: (i) an element of the lattice 7 (“simple” annotation 
term); (ii) a variable (“simple” annotation term); (iii) a 
“complex” annotation term defined as follows: if f E P 
and p1 . . . ,pi are annotation terms, then f ( p 1  . . . ,pi) is a 
complex annotation term. 

1Atoms) We consider a many sorted signature C = 

{Cdb, E,, E,}. Cdb is the set of database identifiers, C, 
is the set of constant value symbols, and C, is .F U C. 
Sets Cdb, E,, and C, are disjoint. We consider a set of 
predicate symbols II, partitioned into extensional predicate 
symbols ne, intensional predicate symbols IIi, and update 
predicate symbols nu, defined as nu = { + p ,  - p  1 p E 
ne}. A family of sets of variable symbols for each sort 
V = {Vdb, V,, Va}  is also considered. We denote with 
Termt the set Ct U K ,  with t E { d b , v , a } .  We denote 
with (II, C, V)-atom an atom whose predicate belongs to Il 
and whose terms are in C U V.*  

Cooperation among databases in the system is repre- 
sented by labeled atoms of the form db o p ( i ) ,  where db E 
Termdb (simple label), meaning that p(f) must be solved in 
db, or D o p ( i ) ,  where D = {dbl ,  ..., db,} 5 Cdb (multiple 
label), meaning that p ( i )  must be solved in dbi, i = 1, ... n. 

Uncertainty is represented by annotated labeled atoms 
of the form A : +, where A is a possibly labeled atom and + is an annotation. A : $J is c-annotated if $J is a constant, 
v-annotated if + is a variable, t-annotated if $J is a complex 
annotation term. The intuitive meaning assigned to A : p, 
where p is a truth value of a chosen lattice, is: “when 
A : p is true, the ground atom A is true with truth value at 
most equal to p”. We assume that the meaning of an anno- 
tated update atom ai Ai : pi is: “inservdelete atom Ai : pi”.  

Deductive and active rules are defined as follows. 

Definition 1 (AHU-Datalog deductive rule) An 
Datalog deductive rule is a rule of the form 

AHU- 

AO : P O  t AI : P I , .  . . ,Ak : pkjd61 oAk+1 : pk+l, 

. . . , dbp  0-4, : ~ w ,  XI 0Aw+1 pw+lr. .  . , 
Xq 0 A, / . ~ r , ~ r + l A r + l  : p r + l j . .  . , ~ n A n  : Pn 

where ( i )  A0 : po is an annotated (nz, C, V)-atom; ( i i )  
Al : pl ,  1 = 1,. . . , k, is a c-annotated or v-annotated 
(IIi U ne, C, V)-atom, referring to the database where 
the rule is dejned; ( i i i )  dbl 0 Ak+l : p k + l , .  . . ,dbp 0 

A ,  : pw are simple labeled c-annotated or v-annotated 
(IIi U ne, C ,  V)-atoms, referring to specijic databases, 
while X1 o A,+1 : p ,+ l , .  . . , X ,  o A ,  : p, are sim- 
ple labeled c-annotated or v-annotated (U’ U ne, C, V ) -  
atoms, referring to databases that are not yet specified; 
( iv )  a j A j  : p j ,  j = T + 1,. . . , n, is a c-annotated or v- 
annotated (nu, C, V)-atom; (v) X I , .  . . , X, are variables 
in Vdb; (vi) a , A ,  # atAt for k + 1 5 s, t 5 n, s # t. 

A0 : po is the head of the rule, while the body con- 
sists of the query part A1 : p1, . . . , Ak : pk, dbl o Ak+l : 

p, and the update part cxT+lAT+l : p T + l , .  . . , anAn : p,, 
p k + l , . .  ., dbpoAw : P w ,  X1oAw+1 : Pw+l, .  . ., XqoA,  : 

21n the following we assume that a substitution is a tuple of functions 
0 = { B d b ,  O V ,  ea}, dealing respectively with variables in Vdb. V,, and 
Va . ‘For simplicity, when there is not ambiguity, we use U instead of Ui 
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that cannot be both empty. For safety, each variable appear- 
ing in,the head (or in its annotation) must also appear in a 
deductive atom in the body (or in its annotations); more- 
over; X 1 ,  . . . , X ,  must appear as arguments of an exten- 

0 

The intuitive meaning of a deductive rule is: “if Ai,  i = 
1,. . . , k ,  is true with truth value at most pi in the database 
where the rule is defined, Ak+l is true with truth value at 
most pk+l in dbl, .  . . ,A ,  is true with truth value at most p, 
in db,, A,+1 is true with truth value at most pw+l in the 
databaseto whichX1 is instantiated,. . . ,AT is true with truth 
value at most pr in the database to which X ,  is instantiated, 
then A0 is true with truth value at most po in the database 
where the rule is defined and, as side effect, the updates 
aT+lAT+l : p T + l , .  . . , a , A ,  : p, are requested”. Note 
that complex annotations can only appear in rule heads and 
not in rule bodies. 

Definition 2 (AHU-Datalog active rule) An AHU-Data- 
log active rule is a rule of the form’ 

C Y i A i : p i , .  . . , ( Y k A k : p k , A k + i  : p k + i  , . . .  , A w : p w ,  

sional atom in A1 : p 1 , .  . . , A ,  : p,. 

dbi 0 Aw+i : p w + i , .  . . , dbp 0 A,.: ps, Xi 0 As+i : ps+i, 

. . . ,  Xq 0 An pn + Qn+lAn+l : pn+i ,  
. . ., an+mAn+m : pn+m 

where ( i )  aiAi : pi,  i = 1,. . . , I C ,  is a c-annotated 
or v-annotated ( n U , Z , V ) - u t o m ;  (ii) aiAi : pi ,  i = 
n +. 1,. . . , n + m, is an annotated (nu, C ,  V)-atom; (iii) 
Aj : pj,  j = k + 1, . . . , w, is a c-annotated or v-annotated 
( I I i  U II‘, C ,  V)-atom; (iv) dbl o A,+1 : p , + l , .  . . , db, o 
A ,  : ps are simple labeled c-annotated or v-annotated 
(ni U ne, E, V)-atoms referring to specific databases while 
X1 o A,+1 : p,+1, .  . . , X, o A ,  : p, are simple labeled c- 
annotated or v-annotated (ni U ne, C, V)-atoms referring 
to databases that are not yet specijied; ( v )  XI, . . . , X ,  are 
variables in V d b ;  (vi)  a p A p  # a,A, for  1 5 p , q  5 k ,  
p # q, a n d a s A S  # atAt f o r n +  1 5 s , t  5 n +m, s # t. 

a lA1  : p 1 , .  . . , a k &  : pk is the event part, Ak+l : 

p,, X1 o A,+1 : ps+ l  , .. . , X ,  o A,  : p n  is the condition 

is the action part, that cannot be empty. For safety, each 
variable occurring in the event part (or in its annotation) 
shouldalso occur in the event-condition part (or in its anno- 
tations); moreover X I ,  . . . , X ,  must appear as arguments 
of an extensional atom in Ak+l : pk+l , . . . , A ,  : p,. 0 

The intuitive meaning of an active rule is: “if the events 
alA1 : p 1 , .  . . , QkAk : pk occur and Ai,  i = k + 1,. . . , w, 
is true with truth value at most pi in the database where the 
rule is defined, A,+1 is true with truth value at most p,+1 

in dbl,. . . , A s  is true with truth value at most ps in db,, 
As+l is true with truth value at most p,+1 in the database 

p k + l , . . . , A w  : Pwldbl OAw+1 : . ~ w + l , . . . l d b p o A s  : 

part, and Qn+1An+1 : pn+11.. ., an+mAn+m : pn+m 

AHU-Datalog database 
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An AHU-Datalog program over 

to which X1 is instantiated,. . . , A ,  is true with truth value 
at most p, in the database to which X, is instantiated, then 
actions a,+l An+l : pn+l , .. . , a,+,A,+, ,: ,u,+~ have 
to be executed in the database in which the rule is defined”. 

Definition 3 (AHU-Datalog program) An AHU-Datalog 
program or database is ident$ed by one constant of and 
is composed of: ( i )  a set of c-annotated extensional ground 
atoms (extensional database); ( i i)  a set of annotated AHU- 
Datalog deductive rules (intensional database); (iii) a set 
of AHU-Datalog annotated active rules. A transaction for  
an AHU-Datalog database is any deductive rule without the 
head. 0 

Example 1 Consider two sensors monitoring the level in 
the air of some considered substance ( s  1 and s 2), expressed 
as a percentage with respect to a quantity considered as 
dangerous. We are interested in determining $a monitored 
substance has a presence above some danger thresholds 
and, based on this information, locally or globally block 
car circulation. Information concerning the two local sen- 
sors can be modeled by two AHU-Datalog databases, with 
T= R[O, 11, identijied by dbl and dbz (see Figure I )  In- 
formation concerning the level of a given substance can 
be traced by the extensional predicate sensor3. We then 
consider two level thresholds and we use predicate d-lv to 
specifi whether the danger thresholds concerning a moni- 
tored substance have been exceeded. In this case, an over 
level warning is generated, by inserting facts for predicate 
0-lv, with different annotations, depending on the exceeded 
threshold. I f  in a local database the percentage of both mon- 
itored substances is over 90% and a major over level warn- 
ing has been generated, a local block is issued, through an 
active rule. Global blocks will be managed by a supervi- 
sor (see Example 2). T = 0-lv(s1) : 0.5 is a transaction 
for  D B1, checking whether s 1 has generated an over level 

0 warning, with percentage at least equal to 65% 

I AHU-Datalog System I In order to integrate the static and 
dynamic knowledge deriving from the local databases, a 
logical mediator, called supervisor [ 7 ] ,  is used. Unlike [7 ] ,  
we introduce active rules, besides the deductive ones, in the 
supervisor. Such rules are a simple and strong mechanism 
to trigger a global reaction to a complex event that requires 
checking conditions spanning several databases. 

Definition 4 (Supervisor) A supervisor database S =< 
SIDB,  S A R  > is an AHU-datalog program, identijieii by 
S E Zdb ,  composed Of: 

’For example, the annotated atom sensor (sl) : 0 .  5 means that the 
level of s l  is the 50% of the maximal admitted quantity in the air. 



r l : d l v ( s l )  : l t s e n s o r ( s 1 )  : 0 . 6 5 ,  +olv(sl) : O .  5.  
r2 : d - l v ( s l )  : l t s e n s o r  (sl) : 0.85, + o l v ( s l )  : 1. 
arl:+o-lv(sl):l,sensor(sl):0.9,dbzo sensor(s2):0.9~+l_block(sl,s2):1 
rl:d-lv(s2):ltsensor(s2):0.6,db~o sensor(sl):0.4,+o-lv(s2):0.5. 
r2:d-lv(s2):ltsensor(s2):0.8,db~o sensor(sl):0.7,+o~lv(s2):1. 
arl:+o-lv(s2):l,dblo sensor(sl):O.Y,sensor(s2):0.9++lblock(sl.s2):1 
sensor (sl) : 0.9, o l v  (sl) : 1. 
sensor(s2):0.6. 

Figure 1. The local databases. 

0 a set of AHU-Datalog deductive rules S I D B  of the 
f o r m s o A o  : p e D1 o A l  : p1, ..., D k o A k  : pk 
where each Di, a = 1,. . . , k,  is a simple or multiple 
label, A0 is a (Hi, C ,  V)-atom and A j ,  j = 1 , .  . . , k,  
is a (ni U ne, C ,  V)-atom; 

0 a set of AHU-Datalog active rules SAR of the form 

d b i o a i A i  : p i  . . . ,  dbkOakAk : p k ,  

Dk+i 0 Ak+i : pk+l ,  Dk+i 0 Ak+l : p k + l r . .  . , 
Dn 0 An : pn + &+io an+lAn+l : / ln+l ,  

. . . , &+m 0 an+mAn+m pn+m 

where: dbi, i = 1 , .  . . , k , n  + 1,. . . , n  + m, is a 
simple label, dbi # s, D j ,  j = k + 1 , .  . . , n ,  is 
a simple or multiple label, Aj is a (IIZ U ne, C ,  V ) -  
atom, j = k + 1,. . . , n ,  and A h  is a (ne, C ,  V)-atom, 
h = l ,  ..., k , n + l ,  ..., n+m. U 

In order to assign a semantics to the supervisor rules, there 
is the need of specifying how deductive atoms like D o A  : p 
have to be defined, when D is a multiple label. The seman- 
tics for such atoms is provided by an additional sets of rules, 
called combination axioms (denoted by C). Such rules 
specify that an atom D o A : p, D = {dbl ,  ..., db,}, is true 
if dbi o A : pi,  i = 1, ... n, is true and p = U{p1,  . . . ,p,} .  
As side effect, the truth of atom D o A : p may request the 
execution of a set of updates, precisely those requested as 
side effect by atoms dbl o A : p1, ..., db, o A : fin. 

Definition 5 (Combination axioms) Let D be a multiple 
label, A a deductive atom, and p an annotation. Atom 
D o A : p is de$ned by the combination axiom 

D o A :  U p i t  A db ioA:p iwherep= U pi.0 
d b i € D  d b ; € D  d b ; E D  

We are now able to define an AHU-Datalog system. 

Definition 6 (AHU-Datalog system) An AHU-Datalog 
system SS is a tuple ({dbl :: DB1,.  . . , dbn :: DBn}, s :: 
S ,C)  where: D B i  = E D &  U ID&,  i = 1 ,..., n 
are AHU-Datalog databases, respectively identified by 
dbl , .  . . ,db,, dbi E {Cdb\{s}}; S =< S I D B , S A R  > is 
a supervisor AHU-Datalog program, identiJed by s E C d b ;  

C is a set of combination axioms. In SS,  the extensional 
part S S E D B  is (EDB1,. . . , EDB,), the intensional part 

S S I D B  is (IDB1,. . . , IDB,, S I D B ,  C) ,  and the active 
0 part SSAR is (AR1,. . . , AR,, SAR). 

In order to ensure encapsulation, transactions to be executed 
in an AHU-Datalog system cannot contain update atoms. 
Deductive atoms can be either labeled or unlabeled. Un- 
labeled atoms require an atom refutation in all the local 
databases composing the system, while labeled atoms are 
directed to a specific database. We do not restrict labels in 
transaction to be constant, thus allowing dynamic coopera- 
tion to be established also at transaction level. 

Definition 7 (Transaction) A transaction4 has the form 

A ,  : p? where A I , .  . . ,A, are (IIi U IIe, E, V)-atoms, 
D1, . . . , D ,  are simple or multiple labels, and X I ,  . . . , X ,  
are variables in V d b  that must appear as arguments of an 

0 

Example 2 Consider Example I and assume that car cir- 
culation must be globally forbidden, in a partial way, if both 
SI and s 2  have a presence above their minor danger level 
threshold, or globally forbidden, in a total way, if the sen- 
sor corresponding to DB1 has generated a major over-level 
warning. The detection ofpartial and total blocks requires a 
cooperation among the various sensors, therefore this func- 
tionality can be assigned to an AHU-Datalog supervisor 
database. Such database is presented in Figure 2. Infor- 
mation concerning partial and total blocks is represented 
through predicates t b l o c k  a n d p b l o c k .  In the presented 
rules, The supervisory database also contains three active 
rules, avoiding the insertion of information concerning par- 
tial blocks i f a  total block has already been detected. As an 
example of transaction, T = gblock checks whether some 

0 

D1 o A 1  : P I ,  . . .  , D r  0-4, : p r , X 1  o A z + ~  : pz+~,...jXq 0 

extensional atom in AI, . . . , A,. 

global block has been generated. 

3. AHU-Datalog: the semantics 

The semantics of an AHU-Datalog system is defined in 
three steps, described in the following. In the first step, the 
semantics of the deductive part of the system is computed, 
collecting, but not executing, the set of bindings that satisfy 

4We refer the reader to [3] for the definition of more complex transac- 
tions. 
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IDBs: SO g - b l o c k ( s l , s Z )  : I t d b l o  d - l v ( s l )  : l , dbzo  d- lv(sZ)  : l ,dblO +p-b lock( s l )  : l ,db20 + p b l o c k ( s Z )  : l .  
SO g b l o c k ( s 1 , s Z )  : l t d b l o  o - l v ( s l )  : l , d b l o  + t b l o c k ( s l )  : l , dbzo  + t b l o c k ( s 2 )  : l .  

SAR : dbio + p b l o c k  (s i )  : 1, dbio t b l o c k  (s; ) : l -+db ;o  -p-block (si) : 1 i = l ,  2 .  
db;o + t b l o c k ( s i )  : l , d b , o  p_block(si)  : l - + d b , o  - p b l o c k ( s ; )  :1 i=1,2, 
db;o + p b l o c k ( s ; )  : l , d b , o  + t b l o c k ( s , )  : l+ db;o - p b l o c k ( s i )  : 1  i = 1 , 2 .  

Figure 2. The supervisor database. 

the query and the requested updates. In the second step, the 
semantics of the active part of the system is computed, ac- 
cording to the updates collected in the first step, obtaining 
a set of update requests. Conflicting update requests are re- 
moved by applying a parametric conjict resolution policy. 
In the third step, the updates obtained from the second step 
are executed against the extensional part of the ~ y s t e m . ~  

3.1. Deductive part semantics 

In presenting the semantics of the deductive part of a 
AHU-Datalog system, we consider an extended Herbrand 
base ~ B c  composed of constrained ground labeled atoms 
C of the form C D o A 4- dbl 0 a1 A I , .  . . , dbk 0 ak Ak 
where D o A is a ground labeled (II' U ne, C, V)-atom, 
db, o a,A,, j = 1 ,  . . . , IC, are ground labeled (nu, C,  V)- 
atoms. Since the language does not contain function sym- 
bols, the extended Herbrand base is a finite set. 

An ideal [6] of an upper semilattice6 7 is any subset K 
of 7 such that: (I) K is downward closed, that is s E K ,  t 5 
s j t E K ;  (11) K is closed with respect to the finite 
least upper bound operation, that is s , t  E K 3 s U t E 
K .  If for some p E 7, K = { s  1 s 5 p } ,  t h e  ideal is 
called principal. An n-ideal (n-principal) of 7 is a tuple 
composed of n ideals (principals) of T.  The set of ideals 
(principals) of 'Tis denoted by 2(7)  ( P Z ( T ) )  whereas the 
set of n-ideals (n-principals) is denoted by n-I (n-P). 

Definition 8 (Interpretations) An Herbrand interpretation 
(a restricted Herbrand interpretation) (r-interpretation) I is 
any total map from the extended Herbrand Base ca, to 
U, n-I (U, n-P). We assume that the$rst ideal (principal) 
of the n-ideal (n-principals) is assigned to the head of the 
constrained atom whereas all the other ideals (principals) 
are assigned to labeled update atoms in the body, in the 

0 order by which they appear: 

Since 7 is a complete lattice with respect to 5,  the order 
5 can be extended point to point to interpretations in the 
obvious way. Moreover, n-ideals (n-principals) of 7 can 
be seen as ideals (principals) of the complete lattice T", in 

51n order to simplify the presentation of the semantics of an AHU- 
Datalog system, we assume that all atoms appearing in an AHU-Datalog 
system are labeled. 

6A set R is an upper semilattice, with respect to a given ordering, if any 
pair of elements of R has a least upper bound in R. 

which the order 5 is defined component by component. It 
is now possible to define when a constrained ground atom 
is true in an interpretation (r-interpretation). 

Definition 9 (R-satisfaction) Let I be an interpretation (r- 
interpretation), < PO, p1 . . . p k  > a list of c-annotations 
on a lattice 7, C E D o A t dbl o a lA l , .  . . dbk o 
LYkAk E mc. I satisfies (r-satisfies) the ground con- 
strained annotated atom D E D o A : po +- dbl o alA1 : 
p i , .  . . , d b k  0 LYkAk : p k  ( I  D )  ( I  bT D) ifand only i f  
<pO7pll .. . 7 pk (<PO, PIT. .  . 7 p k  >< 
Based on the previous concepts, we can now define a fix- 
point operator computing the semantics of the deductive 
part of an AHU-Datalog system. 

Definition 10 (Operator Rss)  Let SS an AHU-Datalog 
system and I an interpretation for SS.  The operator 
Rss ( I ) ,  for any A E m ~ ,  is such that Rss ( I ) (A)  = 
UTss ( I )  (A)' where Tss ( I )  ( A )  is such that, given a con- 
strained atom A and an interpretation I ,  returns the least 
ideal containing all the ideals for A that can be deduced 

0 from the system starting from I .  

Operator Rss(I)(A)  assigns to A a single principal and is a 
good candidate for defining a bottom-up AHU-Datalog se- 
mantics. Unfortunately, differently from Tss, Rss is not 
continuous and therefore Rss t w in general is not a fixed 
point for Rss. However, it can be proved that if all the 
rules in a system contain only c-annotated atoms or only v- 
annotated atoms in their bodies, the fixpoint exists. A sys- 
tem satisfying the previous condition is said to be accept- 
able.8 For acceptable systems, the following result holds. 

Theorem 1 Let S S  be an acceptable AHU-Datalog sys- 
tem. Then Rss t w = l fp (Rss)  = U(lfp(Tss)) .  The fix- 
point semantics F of SS  is dejined as F ( S S )  = Zfp(Rss), 

0 

Starting from the semantics of an AHU-Datalog system S S ,  
the semantics of each local database can be easily deter- 
mined by projecting the semantics on the label of the con- 
sidered database. Thus, the semantics of the local database 
DB, E SS  is defined as F ( S S ) ( i )  = { D o  A : plD o A : 

where 1 fp is a shorthand for the leastfipoint. 

P E WW}. 
'uTss(I ) (A)  is a shorthand notation for & E T s s ( l ) ( A ) t .  
*See [3] for a more general definition of acceptable systems 
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The deductive semantics of a simple transaction T with 
respect to an AHU-Datalog system SS is defined in the 
usual way by using the fixpoint operator Rss. 

Validity conditions 

Definition 11 (Query answers) Let SS be an AHU- 
Datalog system and T a transaction such that T = D1 oA1 : 

Query answers for T in SS,  denoted by Set(T, SS), 
P I ,  . . ., Dn 0 An : p n ,  XI oAn+1 : pn+1, . . ., Xp OAn+p : 

are dejined as f01lows:~ 

Set(T, SS) = { ( b ,  if) I there exist 
- 
D, 02, : ji, t db'; 00';Af : p i l . .  . , 

dbi; o a i i A i i  : pii E F ( S S ) ,  i = 1,  ..., n + p ,  
O = mgu((Dl o Ai :pi,. . . , D n  0 A n  : p n ,  

XI 0 A n + i  p n + i , .  . . , X p  0 A n + p  

( 0 1  0 31 : pi, . . . , D n + p  o & + p  : p n + p ) ) ,  

p n + p ) >  
- - 

(dbi oaL-4; : pi)O 
a = 1 , .  . . , n + p  

u = l  . . . ,  k ,  

In order to establish when an atom, 

+ 
The set A U B is dejined as the usual set union with the 

following exception: ifdboaA : p1 E A and dboaA : p2 E 

B, then db o a A  : U ( p 1 ,  p2) E A U B and db o a A  : p l ,  
+ 

d b o a A : p 2 $ A f B .  0 

Example 3 Consider the AHU-Datalog system SS in Ex- 
ample 2 and T = s o gblock(s1,  s2)  : 1. Figure 3 presents 
the computation of the deductive part semantics for SS. It 
is easy to verify that 

Set(T, SS)={({O}{dbl o + o - ~ v ( s ~ )  : 1,dbz o + o - ~ v ( s ~ )  : 0.5 ,  
dbi o +p-block(sl) : 1, dbz o +pbEock(s2) : 1 ,  
dbi o + tb lock( s l )  : 1 ,  dbz o +t_block(~2)  : l . } ) } . O  

3.2. Active part semantics 

'Given a set of bindings b, a transaction T, and a substitution 0 = 
{h t t i ,  . . . ,  Vn t t n } .  we define bIT = {(X = t )  E b I 
X occurs in T }  and eqn(0) = {Vi = t i , .  . . , V, = t n } .  With mgu 
we denote the most general unifier. 

B,pred(A)I0 E ne,a  E { + , - } } . ' I  An ri-interpretation 
is consistent if it does not contain any pair of conflicting up- 
dates. Two update atoms u1 and 212 are conflicting if they 
require the insertion and the deletion of the same atom in 
the same database, independently from the considered truth 
values. 

Given an ri-interpretation I and an atom a, the atom is 
valid in I if a = db o A : p and I contains either D o A : p 
or db o + A  : j i ,  with p 5 j i ,  db E D .  On the other hand if 
a = a = db o + A  : p, I must contain db o + A  : j i ,  with 
p 5 p. A similar condition can be given for deletions. 

Active rules should take into account the available 
intensional knowledge when checking conditions, without 
triggering additional updates that, potentially, would 
change the state of the database as soon as it is observed. 
Therefore, we extend the set of active rules with purijied 
deductive rules SSIDB,  obtained from the system deduc- 
tive rules SSIDB by removing all update atoms appearing 
in them and reversing the arrow direction, to make them 
similar to active rules. Given a ri-interpretation I ,  a rule is 
fireable if all atoms contained in the event and condition 
parts are valid in I .  

- 

I Blocked rule instances I Suppose that, given an r-interpre- 
tation, more than one rule is fireable. It could happen that 
the actions to be executed contain some conflicting updates. 
Such a conflict can always be represented by the pair of con- 
flicting update atoms, together with the set of rule instances 
generating such updates. It is therefore possible to define 
a conflict resolution policy se1 as a total function taking as 
input an extensional database EDB, a set of AHU-Datalog 
rules P,  a ri-interpretation I ,  an a conflict c and returning 
either {insert, delete}, representing which operation (inser- 
tion, deletion) has to prevail in  the resolution of c, based on 
the considered system status. 

Based on the chosen conflict resolution policy, it is pos- 
sible to determine which rule instances have to be blocked 
(denoted by blocked(EDB, PI I ,  sel)) by considering all 
rule instances associated with conflicting updates that have 
been discarded by the conflict resolution policy. We always 
block an entire rule instance, rather than a single update, 
so that the set of update requests by the same rule instance 
exhibits an atomic behavior. 

[The computation I Using the above concepts, given a set 
of AHU-Datalog rules P,  a set of blocked rule instances B, 
and an ri-interpretation I ,  we define an immediate conse- 
quence operator over ri-interpretations r p , B (  I ) ,  similarly 
to other bottom-up operators defined in the logic program- 
ming context. However, differently from them, some rules 
may not be fired even if their body is valid, due to the 

"pred(A)  denotes the predicate on which the atom A is constructed 
and B is the set of labeled ground annotated atoms. 
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Ri,(0) = { d b l  o s e n s o r ( s 1 )  : 0.9, dbl  o o l v ( s 1 )  : 1 ,  dbz o s e n s o r ( s 2 )  : 0.6.)  

Rzs (0)  = Rk,(0) U { d b i  o d l v ( s 1 )  : 1 t db i  0 + o l v ( s l )  : 1 ,  dbz o d l v ( s 2 )  : 1 t dbz o + o l v ( s 2 )  : 0.5, 
s o g-b lock ( s1 ,  s2)  : 1 t db i  o +t -b lock ( s1 )  : 1 ,  dbz o +t -b lock ( s2 )  : 1 ,  { d b l ,  d b z }  o s e n s o r ( s 1 )  : 0.9, 

R3ss(0) = R2ss(0) U { S  o g-b lock ( s1 ,  s 2 )  : 1 t dbi  0 + o l v ( s l )  : 1 ,  dbz o + o l v ( s 2 )  : 0 . 5 ,  db i  o +p-b lock ( s1 )  

R4ss(0) = R3ss(0) = F(S.5) 

Figure 3. The fixpoint computation 

blocked set of rules. If P is c-annotated, or the lattice is 
finite, r p , B  admits a fixpoint, reachable in a finite number 
of steps. 

In general, the application of the function r p , B  to a 
consistent ri-interpretation does not return a consistent ri- 
interpretation. Therefore, we cannot compute the seman- 
tics of SS as the least fixpoint of I?Ss,B. We must instead 
appropriately select rules, that is, we must build a set of 
blocked rules B such that the least fixpoint of rss,B is con- 
sistent. Thus, instead of dealing with ri-interpretations, a 
new operator is defined, dealing with bi-structures, defined 
as pairs composed of a set of blocked rule instances and an 
ri-interpretation. 

- _  

Definition 12 (A operator) Given a set of AHU-Datalog 
rules P, a bi-structure ( B ,  I )  and a conjict resolution pol- 
icysel, w e / e t I e = { D o A : p  E I Ipred(A) E I Ie}and 

A p ' s e l ( ( B '  I ) )  = { (B U blocked(l', S, I ,  set), l e )  otherwise 0 

If no conflict arises, A does not change the blocked rule 
set B and only the ri-interpretation of the bi-structure is 
changed by adding the immediate consequences of the non- 
blocked rules. On the other hand, any conflict is solved via 
the resolution policy se1 and all blocked rule instances are 
collected. Then, the computation of A is started again from 
the ri-interpretation le with the augmented set of blocked 
rules. I e  represents the "safe" starting point of the new 
computation since it does not contain atoms whose validity 
depends on actions of rule instances that are now blocked. 

If the program is c-annotated or if the lattice is finite, A 
admits a fixpoint which is reachable in a finite number of 
steps and can be used to assign the active part semantics. 

( B ,  r P , B ( I ) )  i f r p , B I  is consistent; 

Theorem 2 Let P be a set of AHU-Datalog rules, se1 a 
conjlict resolution policy, I a set of ground annotated ex- 
tensional atoms. Suppose that either P is c-annotated or 
the lattice is finite. Then, there exists IC such that Ab,sel is 
ajxpoint  of Ap,sel and ifAk,sel((B, I ) )  = (B' ,  I ' ) ,  then 

0 I' = Zfpl(I'p,Bt)'2 and I' is consistent. 

**lfp,(f) denotes the least fixpoint o f f  which is greater than or equal 
to I .  

' 

1 ,  dbz o +p_b lock ( s2 )  : 1 . )  

3.3. Integrating deductive and active semantics 

In order to integrate deductive and active semantics, we 
define a function that, given an ri-interpretation and the cur- 
rent system state, returns the next state obtained by exe- 
cuting the updates in the ri-interpretation. To be more pre- 
cise, we define as observable a triple (Ans, EDB, Res) where 
Ans is a set of bindings, EDB is an extensional database and 
Res E {Commit, Abort}. The set of observables is OSS. We 
first define update incorporation as follows. 

Definition 13 (Update incorporation) Given an ri- 
interpretation I and a AHU-Datalog extensional 
database EDB = E D B l  U ... U EDB, ,  we define 
a1 = { d b o A :  p I d b o a A :  p E I } ,  cy E { + , - } a n d w e  

let incorp(1,EDB) = (EDB, \+ - I )  U+ +I,  where A U B 
is defined as in Definition 11 and A \+ B is defined as 
the usual set difference with the following exception: i f i l  
contains db o D : p 1  and B contains db o D : p2, then: ( i )  
i f p l  < p 2 ,  A B does not contain db o D : p 1 ;  (ii) if 

0 

Update incorporation guarantees that the extensional 
database always contains just one annotation for each la- 
beled atom. If an atom has to be inserted with a different 
annotation, the lub of both annotations is used to replace the 
existing one. On the other hand, a labeled annotated atom 
is deleted only if the annotation of the atom to be deleted is 
stronger than or equal to the existing annotation. 

Definition 14 (AHU-Datalog semantics) Given an 
acceptable AHU-Datalog system SS ,  a transac- 
tion T and a conflict resolution policy set, the se- 
mantics of T in SS is defined as Semss,sel(T) = 
S S S I D B , S S A R , ~ ~ I ( T ) (  ( 0 ,  SSEDB,  Commit)) where function 
S s s , D B , S S A R , s e l ( T )  : OSS -+ OSS is defined as follows: 

+ 

p 1  > p 2 ,  A B contains db o D : p 1 .  

S S S I D B , S S A R , S e l ( T ) ( ( a ,  & ? p ) )  = 
(0, E ,  Abort) i f p  = Abort 
(Ans, incorp(1, E ) ,  Commit) = I  (0, E ,  Commit) otherwise 

if p # Abort and U is ground 

Ans = {b3 I ( b j , z 3 )  E Set(T,SS)} 
U = U { E 3  I ( b 3 , z 3 )  E Set(T,SS)} 
- 
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To compute the semantics of a transaction, first we build the 
set of answers (Definition 1 l),  obtaining a set of bindings 
for the variables of the transaction (Ans) and a set of an- 
notated updates (U) which are requested but which will not 
necessarily be executed. Then, we gather rules in order to 
apply the A operator (Definition 12). Such a set of rules (E) 
contains the purified deductive rules ( S S I D B ) ,  the rules in 
SSAR and the annotated updates requested from the deduc- 
tive part (U), represented as rules with neither event nor 
condition. The updates in U become the initial events to 
which the active rules in AR have to react. 

To obtain the set of updates to be executed, we ap- 
ply the A operator starting from an empty set of blocked 
rule instances and from the extensional database as initial 
ri-interpretation ((0, SSEDB)) .  A fixpoint of AZ,sel is 
reached in a finite number of steps. The new state of the 
database is then computed by incorporating the updates be- 
longing to I in the current state of the database, following 
Definition 13.13 

Example 4 Consider the execution of transaction 
T = s o gbZock(s1, s2) : 1 against the system presented in 
Example 3. In order to compute Semss,sel(T), suppose that 
our s e 9  function privileges deletions. Now, let 
E = S S I D B  U S S A R  U USet(T ,  SS ) ,  where USet(T, S S )  
represents the set of rules generated from the updates 
contained in Set(T, SS), presented in Example 3. In order 
to compute the active semantics, we must compute the 
fixpoint of Ae,sel((O, E D B S S ) ) .  We let I' = S S E D B  and 
start by computing rE,0(1e):'4 

- 

r ~ , g ( I ' )  = I1 = I' U { dbio d-lv(sl):I. db20 d_lv(s2):1, 
SO g..block(sl,s2):l, {dbl ,  db2}o sensor(sl):0.9, . . . , dblo 
+O-lV(Sl): I ,  db20 +0-1~(~2):0.5, dblo +p-block(sl):l, db20 
+pdl0~k(~2):1. dbl o itblock(s1):I. db20 it-block(~2):I } 

Since I1 is consistent, we let Az,se.((O, S S E D B ) )  = (0, I I ) .  
The computation continues by computing r3,0 ( I ] ) :  

r~,0(11) = I2 = I1 U { dblo -pdlock(s l ) : l ,db~o 
-pblock(s2):1 } 

At  this step, two conjicts are generated, since there is a 
request of both inserting and deleting atoms dblo 
p b l o c k ( s 1 )  :1anddb20 p b l o c k ( s 2 )  :1. The rule 
instances generating the conjlictfor dblo p b l o c k  ( s l )  : 1 
arerl = +  dblo + p b l o c k ( s l )  :1andr2  = d b l o  

-pb lock  (SI)  : 1 whereas the rule instances generating 
+ p b l o c k ( s l )  :1, dblo + t - b l o c k ( s l )  : l , + d b l o  

I3Note that, unlike U-Datalog [4], if non-ground updates are requested, 
we do not abon but we commit the transaction by discarding all required 
changes. 

I4In the following, to simplify notation, we use a set-based representa- 
tion of ri-interpretations. 
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the conflictfor db2o p h l o c k  ( s 2  ) : 1 are r3 = -+ db20 
+ p b l o c k ( s 2 )  : 1  andrq = dbzo + p h l o c k ( s 2 )  :1, db20 
+ t b l o c k ( s 2 )  : l , - + d b z o  - p b l o c k ( s 2 )  : l .  Sincewe 
privilege deletions, we set B' = blocked(I', Z, I2, s e l k  
{ ( T I ,  0 ) ,  (~3~0)) and we obtain Aa,sel(({}, I I ) )  = (B' ,  I = ) .  
We have now to compute rz,Bt (1'): 

ra,jy ( I e )  = I :  = I' U { dblo d-lv(sl):l, db20 d_lv(s2):1, 
SO gblock(sl,s2):I, {db l ,  db2}o sensor(sl):0.9, . . . 
.. ., dblo +o-lv(Sl):l, db20 +0-1~(~2):0.5, dblo 
itblock(s1): I ,  db20 itdlock(s2): I } 

. . . 

Additional iterations do  not generate any new constrained 
atom, thus 
Semss , se l (Tw 0 ,  incorp(I:, S S E D B ) ,  Commit >, where: 

incorp(Ih, S S E D B )  = { dblo sensor(sl):0.9, dblo 

SSEDB))= (B' ,  I s )  and 

o-lv(sI):l, db20 sensor(s2):0.6, db2o o-lv(s2):0.5, dbl o 
tblock(sl):l, db20 tblock(s2):l } 

4. Conclusions and future work 

In this paper, we defined a logical framework for mod- 
eling queries, updates, update propagation and cooperation 
against a set of amalgamated knowledge bases. This work 
can be extended in several ways. Important research topics 
concern the definition and analysis of transaction execution 
properties, the extension of the framework with negation, 
and the usage of our model as a foundation for agent tech- 
nology dealing with intelligent information management. 
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