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Abstract

The interestin consistencyenforcementn the field of databaseand in expertsystemsis
nowadayswidespread Specialattentionhasbeengiven in the literatureto the subtopicof
static integrity constraints. This paper centersinsteadon the automaticenforcementof
dynamic consistency constraints, i.e. thoseintegrity constraintsthat cannotbe checkedby
solely inspecting the most recent state of a data- or knowledge-bggcadformalismthat
extendsfirst-orderlogic with a temporaldimensionis introducedfor their specification.An
algorithmaimedat identifying the portion of the dynamicintegrity constraintof a temporal
databaseaelevantfor a given updateis presented.This algorithm is then specializedto
conventional databases. Prolog prototypes exist for both versions.

1 Introduction

Consistency constraints play an importantrole in almostany softwaredesignprocess.Violating
consistencyconstraintgesultsin erroneousystembehaviorandthereforehasto be avoided,especially
if knowledgeis sharedby multiple users.Consequentlyapplicationprogramsthat updateknowledge
haveto containcodethat enforcesthe consistencyconstraintsthat underliethe particularapplication
area.Usually,the codethat enforcesconsistencyconstraintgs significantly longerthanthe codeneeded
to perform a particular update operation.

Consequentlyit seemsattractiveto relieve applicationprogrammerdrom the task of havingto
enforce consistencyconstraintsby moving the responsibility to perform this task from application
programsto the systemsoftwaresuchas databasenanagemensystemsknowledgebasemanagement
systems,expert systemshells, or CASE-tools. In order to enforce constraintsautomatically, it is



necessaryo centralizethe specificationof constraints.Consequentlythe consistencyconstraintsthat
hold in a particularapplicationareahaveto be specifiedin the conceptualschemathat describeghe
semanticsof the applicationarea. Systemsoftwarewill then enforcetheseconstraintsautomatically
relieving the application programmer from the task of consistency enforcement- application
programmers need only to code update operations, but no longer code consistency checks.

Howeverthetopic of consistencyenforcemenhasbeenkeptinto consideratioronly recentlyand
the availability and useof this essentiakool are not widespreadIn fact, the majority of commercial
DBMSs do noprovidetoolsaimedat enforcingbut basicforms of consistencyuniquenessf primary
keys, etc.). The situation is a little bettethe field of knowledgebasesystemdor severalshells,like
KEE, provide enforcementools. The main reasonwhy commercialproductsdo not usually provide
generalconsistencyenforcementacilities is their computationalkcost. Checkingthe consistencyof a
databasefter an updateis a high overhead,akin to that of severalqueries.The situation worsens
considerably in a distributed environment.

In this paper,we will focuson a specialsubproblemof consistencyenforcementthe automatic
enforcemenbf dynamic consistency constraints. A dynamicconstraintis a constraintthat cannotbe
checked by inspecting tlmostrecentstateof a databaséknowledgebase) For examplethe constraint
"salariesneverdecreasetefersto objects(heresalaries)of former statesof the databaseOn the other
hand,the uniquenessf socialsecuritynumberscanbe checkedby inspectingthe mostrecentstate.The
uniguenesgonstraintis thereforea static constraint.The importanceof dynamicconstraintshasbeen
recognized by research on temporal and historical databases (see for example [2, 3, 13, 17, 19]).

Although the automaticenforcemenbf consistencyconstraintgs rarely supportedn commercial
softwaresystemsa numberof usefultechniqueshave beermproposedn the literaturefor this purpose,
mainly for the enforcement of static consistency constraints. Most of these gsgqersthatfirst order
predicatecalculus (or some of its variations)is usedto specify integrity constraints,and provide
techniqueghat decidewhich constraints(out of a setof constraintshaveto be checkedfor a given
update.Moreover, the proposedalgorithmssimplify the constraintsto be checked,if possible.This
approachwas originally proposedby Nicolas in [14], and later extendedand modified by many
researchers (most notably by [9, 10, 16]).

Recently rule-basedrogrammingparadigmsyainedsomepopularityfor databaseslheseefforts
found their expressionin two directions:in deductivedatabase$l, 15] which augmentthe query-
processing capabilities of databasemanagementsystems by supporting deductive, Prolog-style
productionrules,andin active databaseshat supportdata-drivenproductionrules[5, 6]. Researchn
these two areas demonstrated that production rules provide a very suitable frafoegjekifyingand
enforcingconsistencyconstraintsin deductivedatabasesonstraintscan be expresse@nd enforcedby
Prolog-style predicates relying on classical resolution techniques [10, 15].

On the other hand, active databasessuchas POSTGREJ18] and HIPAC [12], supportdata-
driven productionrules that facilitate the coding of exceptionshandlersfor constraintviolations. The
STARBUST DBMS [20] supportsset-orientedproductionrules integratedwith DBMS transaction
concepts.In their framework, a transactioncomputesa set of update-operationghat it is going to



perform, triggering active rules that react to these changes,e.g. reject violations of consistency
constraints by cancelling the transaction. Moreovernnsbducesactivationpatterncontrolledrulesfor

the purpose of consistency enforcement. They are rules augmented with an additional left-hahd side
activationpattern- which matchescalls of particularcommandssensitizingthe rulesfor the execution

of thesecommandsFinally, in the ODE object-orienteddatabaseystem[7] constraintsare associated
with objects. The associated constraints are checked eacha mm@@berfunction (or the constructor)s
called for the particular object.

Section 2 recalls some backgroundmaterial. Section 3 gives a detailed accountof dynamic
integrity constraints by presenting a logical formalism that alkovexpresghemin their mostgeneral
form. Section4 describesan algorithm for enforcing the constraintsexpressedoy meansof the
formalismof section3. Section5 specializeghis algorithmto conventionaldatabased-inally, section
6 concludes this paper with an evaluation.

2 Background

Although the following techniquescan be appliedalsoin otherframeworks,we will presentour
enforcementalgorithm for dynamic consistencyconstraintswith respectto a databasemoreovera
relational database [4].

A relational databasas logically partitionedinto a time-vaying extensionand an intensionthat
doesnot changeover long period of time. The extenson comprisesthe actual set of data (tuples)
containedin the databaseThese data are groupedinto relations. The intension of the database
corresponds to the set of application-specific rules tbaszshouldobey,for instancethe formatof the
relations.It imposegestrictionsconcerninghe structureof the relationsof the databasendconstraints
with respect to their content.

From the point of view of logic, a database&an be regardedas a set of groundatomic formulas
describingthe tuplesin its extensiontogetherwith more complexformulasrepresentinghe structural
and consistencyconstraintdn its intension.In this way, the databases conceptuallypartitionedinto a
set of logical formulas that changefrequently (its extension)and sets of formulas relatively time-
invariant (its intension).Eachtime the databases updated,its extensionchangeseither by inserting
somenewtuplesor by deletingold ones,or evenbothin responseo a modify command Eachupdate
will be seenasa transactionj.e a sequencef databaseommandghat haveto be carriedout without
interruptions. The synchronization aspects of a transaction will be ignored.

The extensionof the databasewill be called a state when the temporal dimensionis to be
stressedlIn particular, a databasestate will be seenas the contentof the databasebetweentwo
consecutivaupdates.The successiorf statesa databaseassedhroughsinceit was createdwill be
calledits history. Given a databasé, its history up to the currenttime tq,;y canbe describedby the
following state-time succession:

H(D,tcurr) = (do,to), (ch,t1), ..., (Gurntourn)-



where @,d,...,dyrr is the complete, exhaustie@dorderedsequencef all the databasastatesD passed
throughwhile tg,ty,...,urr form alinear sequencef time points.dg is theinitial state(usuallythe empty
state) and @y is the current state of D, at timg,t

Even though historico-temporal databases [3,1ZBarenot the exclusivetopic of this paperthe
main streamof the discussionwill supposehatthe completedatabaséistory is available.Therefore
the language and algorithms that will be devised in the following seetretailoredfor historicaland
temporaldatabasesThat formalism will be weakenedn section5 to deal with the more common
current-state-only databases.

3 Expression of dynamic constraints

A dynamic integrity constraint is a consistencyconstraintthat cannotbe expressedwithout
referringto the statesof the databaseA dynamicconstraintis not concernedvith the contentof the
databasdut with what happendo it over time. Therefore,any formalism aimedat expressingsuch
constraints must incorporate an explicit temporal dimension.

Oneway to specifyandenforceconstraintss to restrictthe possiblestatesof a databaseThis can
be done by augmentfirst order predicatecalculuswith the capability of specifyingassertionsvhose
truth-valueis computedwith respectto a particular point of time. Considerthe dynamic integrity
constraint: "salariesnever decrease"Assumingthat salariesare storedin a relation salary(person,
amount), it can be described as follows:

Oty Ot, Op Os, Os, (salary(p, 8, Dsalary(p, 8, 0ty <t, - $,<5)

the subscripts;tand § refer to the history of the databasen§uires if the formula f is true at time by
convention,t.,, is keptimplicit. For example salary(Fred55555)evaluatego true if Fred'ssalaryis
55555.

Alternatively insteadof restrictingstates,we could restrictthe operationghat potentially violate
constraints, thanks to the linearity of time. This approach would specify the above constraint as:

Op Os; Us, (salary(p, § L' MODIFY(salary, p, §) — S <))

WhereMODIFY(salary, person, <new-value>) changeghe value of the attributeamount of the salary
of person (assumed@sa key) to <new-value>. Note thatthe aboveconstraintis mucheasierto enforce,
sinceit only refersto the currentstateand updateoperationghat potentially violate the constraint but
notto the history of the databaselt requiresto imposesyntacticalrestrictionson operationgerformed
on a database.

Like any consistencyconstraint,a dynamicconsistencyconstraintis triggeredby a datachange.
It is highly inefficient to checkall the constraintdor a particularupdateoperation:in fact very few of
themarerelevantfor the update.A convenientway to alleviatethis problemconsistsin matchingthe
updateagainsthe representationf the integrity constrainf14]. Particularexpression# the text of an
integrity constraintthat canbe matchedagainsthe expressiorof anupdateoperationin orderto select
only the possibly relevant integrity constraints is calledaivation pattern in [5, 6].



In this paper,we assumeéhat only the following threeoperationghat canbe usedto manipulate
databasearetheinsertionof a tuple, its deletionandquerying.assert/2, retract/2, andquery/2 (where
P/n is the informal notationcommonlyusedin logic programmingto expresshat the predicateP has
arity n) are the correspondingactivation patterns;they are first order predicatesin our constraint
languagé The first argumentof thesepredicatess a generic tuple (i.e. an expressiorthat looks like a
tuple exceptthe possiblepresenceof variables),whereadts secondarguments a time tag. As in the
static case[14], pre-interpretedsymbols(as>, =, +, ...) areneededo allow an easyformulation of
these constraints.

In the following, we will illustrate our constraintspecificationlanguageby discussingseven
example,six of which involve dynamicconstraintsin the next section,we will usetheseexampleso
illustrate and explain our constraint enforcement algorithm.

The predicate assert/2 makes possible to express constraints concerning the assertion of
individual tuples in the database. Its general pattern is

assert(<tuple>,<time>).

It evaluatedo trueif the tuple <tuple>is/wasinsertedinto the databasestatethat correspondgo the
time tag <time>.

A few examplesarein order.The integrity constraintdhey expressare shownin a sequencef
increasing complexity.

1. "The tuplea(b,c,d) can be asserted in the database only at4#580784"
Ot(assert(a(b,c,d),t). t=44580784)

2."A tuplehavinga patternsuchasa(b,X,d), whereanyvaluecanbeinsertedfor the variableX, canbe
asserted only in a state having an even time tag"

OtOX(assert(a(b,X,d),t» (t mod 2)=0)

3."A tupleof theform a(b,X,Y), whereX andY arevariablescanbe assertedn the databasenly if a
tuple of the form e(f,Y,Z), whereY andZ arevariables,andin particularY mustbe the sameasin
the new tuple, has been asserted in a previous state of the database"

OtadY (DX assert(a(b,X,Y),t)» [11(t1<t (11 Z assert(e(f,Y,Z)1)))

The syntax and behavior oftract/2 aresimilar to thoseof assert/2. The only differenceis thatit
deals with the retraction of a tuple. Its pattern is

retract(<tuple>,<time>)

andit evaluatego true, when <tuple>was/isdeletedfrom the databasestatethat carriesthe time tag
<time>. Consider the following examples:.

1 Actually, our languageprovidesa fourth operationnamelytransac/2, for dealingwith transactionsl will not be
discussed due to space limitations.



4. "Once asserted, the tuglé,c,d) can never be removed"
Ot —retract(a(b,c,d),t)

5. "A tuple can be removed from the database only if it has previously been inserted in it"
OXOt(retract(X,t) » [Iy(assert(X1) O t1<t))

Note that (4) only requestghatthe tuple a(b,c,d)is not deletedfrom the databaseisinga retract
commandHowever,it doesnot disallow any other changesg.g. it could modified or manipulatedoy
otheroperations(5) could be readasthe minimum conditionto removea tuple from the databaseits
presencen it. It is howeverweaker,for the samereasongust pointedout for (4). Note that (5) is
useless since a tuple must be searched and found in order to be deleted.

The predicatequery/2 modelsa simplified (tuple-at-a-time)form of the query operation of
relational and deductive databases. It has the following pattern:

guery(<tuple>,<time>).

It succeedsimply if the databaseontains(ed}he tuple <tuple>whenit is (was)in the stateidentified
by <time>.

guery/2 is usedto assesshe presenceof a tuple in a particular stateof the database'fistory.
Thereforethis predicatedealswith staticaspectf the databaseits extensionat a particularinstant.
guery/2 is the basictool for expressingstaticintegrity constraintsEvery staticconstraintcanin fact be
formulatedusing only this predicateand a very limited quantifierspatternsimilar to what will be
presentedn the section5. Note that a formula containingonly query/2 predicatescan expressalso
dynamic constraint®.g. our constraint "salaries never decrease" could be written as follows:

Ot, Ot, Op Os; Os, (query(salary(pg3,t;) Oquery(salary(pg$,t,) O t<t, - $/<S,)

It shouldbe notedthat assert/2 (retract/2) is only true when the particular tuple was inserted
(resp.deleted)at the particularpoint of time. Furthermorewe assumehatif anupdateis performedat
timet, it becomewisible at time t+1. Thatis, if we assumehata tuple p hasnot beenin the database
before, and was assertedat time t, and was not retractedat time t+1, assert(p,t), query(p,t+1),
guery(p,t+2) are true, andssert(p,t+1), query(p,t) are false.

The following example(6) expresses staticconstraintin this way. Example(7) illustrateshow
guery/2 and the previous predicates can cooperate to define new dynamic integrity constraints.

6. "At any time, there mudstein the database uniquetuple of the form a(b,c,X), whereanyvaluecan
be substituted to the variabtg

Ot(OX query(a(b,c,X),td OXOY(query(a(b,c,X),t)] query(a(b,c,Y),t)» X=Y))

7."A tupleof theform a(b,X,d) canbe assertedn the databasenly if it is not alreadythereandsome
tuple of the forme(Y,X) is contained in it"

OtOX(assert(a(b,X,d),ty» ~query(a(b,X,d),t) 1Y query(e(Y,X),t))



What hasbeendonein this sectionis to define informally a languagefor expressingdynamic
constraintsAs mentionedearlier,the languagdormalismthat underliesour constrainianguageis first
order logic. The connectivesand quantifiers are the usual ones. All the predicatesymbolsin our
languageare interpreted.They have their meaning hard-wired into the language.These predicate
symbols comprise the activation patterns (assert/2, retract/2 and query/2), as well comparison
operators, such asand =

Our constrainttanguageallows for interpretedsuchas+, mod, etc.)aswell asfor uninterpreted
function symbolsin constraintsThe formerarenot needednor allowed)insidethe activationpatterns.
This restrictionis madein order to avoid underspecifiecexpressionsnvolving interpretedoperators
when simplifying the constraints.This is, in general,a difficult task that only recentlyreceivedsome
attention,most notablyin the contextof logic and constraintprogramming;for example,in the CLP
language described in [8].

Thekind of logic to be usedmeritssomenotes.Sofar, a single-sortedi.e. pure)first orderlogic
has been implicitly assumed. However, for the kind of problems that have to benstipedtyped(or
multi-sorted)logic (see[11]) is more adequateAnyhow, the single-sortedcasewill continueto be
adopted for the sake of simplicity.

4 Theenforcement algorithm

In the previous section, first order predicatecalculus has been extendedto permit a direct
expression of dynamiategrity constraint{namely,allowing activationpatternsandtemporalvariables
and constanjsWhat will be faced in this section is how to enforce them.

Our constraintenforcemenalgorithmcomputeshe setof relevantconstraintdor a given update
operation and check them. The following steps are performed:

1. select the dynamic integrity constraints that are potentially affected by the update;
2. simplify them as much as possible;
3. check the simplified constraints if they are not elementary (i.e. of thetfoenf false);

It should be mentioned that due to space limitation we will desttréagorithminformally in this
paper.Thesephaseswill be explainedin detail while carrying out an example.Supposethe set of
integrity constraintsassociatedo the databaseontainsall thoseexemplifiedin the previoussection.
Therefore,the databaseas consistentif and only if the formulas (1) through (7) are valid. The
constraints stated in the last section are here summarized.

1. [t(assert(a(b,c,d),t), t=44580784)

2. 00X (assert(a(b,X,d),t}» (t mod 2)=0)

3. X assert(a(b,X,Y),t)» [11(t1<t O[Z assert(e(f,Y,2)d))
4. [t -retract(a(b,c,d),t)



5. OXOt(retract(X,t) - [Xi(assert(X 1) O ty<t))
6. [X query(a(b,c,X),t)dd XOY(query(a(b,c,X),t)] query(a(b,c,Y),t)}» X=Y))
7. t0OX(assert(a(b,X,d),t}» ~query(a(b,X,d),t) 1Y query(e(Y,X),t))

Supposédhatthe databaseontainsonly the two tuplesa(b,c,e) ande(c,c), andthatits time tagis
14905. The databasés consistensincethe only staticconstraintis (6) andit is satisfied.The database
is now updated by asserting the tuglb,c,d). The previously stated steps are performed in order.

The first stepprescribego selectthe relevantdynamicintegrity constraints.This phasecan be
performedby matchingthe updateagainstthe atomsthat constitutethe integrity constraintsand select
the constraints for which a successful match is feuhthe two do not match is impossibleto violate
aconstraintbecausét doesnot applyin the contextof the particularupdateoperation. Becauseof the
syntacticrestrictionimposedon the integrity constraintsthe classicalunification algorithmis enough
for this task.Oncefound, a matchcan convenientlybe represente@s a substitutionfor the variables
that occurin the integrity constraint(sincethe updateis alwaysground).Note that if thereare two
occurrencesf anatomin the sameformulathat matchthe update thenthatformulais selectedwice:
once for each successful matched occurrence.

In the example, the update can be represented as
assert(a(b,c,d),14908).

All the constraintsare matchedexcept(6), thatis static- it will be treatedby somestatic constraints
enforcingalgorithmfor instance9, 10, 14]. The selectecconstraintsarethe following: the matchesare
represented by underlining the matching atom and showing the substitution

1. Ot(assert(a(b,c.d),t). t=44580784) o1 = {t/14905}

2. OtOX(assert(a(b,X.d),t}» (t mod 2)=0) 0o = {X/c,t/14905}

3. OX assert(a(b.X,Y),t)» [11(t1<t O [Zassert(e(f,Y,Z2)d)) o3 = {X/c,Y/d,t/14905}

5. OXOt(retract(X,t) » [11(assert(X.4) O t1<t)) os = {X/a(b,c,d),t/14905}
7. OtOX(assert(a(b,X.d),t}» ~query(a(b,X,d),ty11Y query(e(Y,X),t))

a7 = {X/c,U14905}

The secondstepof the enforcemenprocedureconsistsof simplifying the constraintgoroducedby
stepl. This is doneby instantiatingeachselectedconstraintby applying the substitutionfound in the
previous step. The obtained formulas wensimplified asmuchaspossibleby meansof the elementary
rulesof logic (asin [2, 14]) and arithmetic,and by using somebasicpropertiesof the updatesas for
examplethat no two updatescan occurto the samedatabasestate. The simplification stepis now

2 Note thatthe samesyntax(here,assert/2) is usedto expresdifferent conceptsthe effectiveupdatehereandan
activation pattern in a constraint.



illustratedin the contextof the example. As in [14], T andF representhe truth valuestrue andfalse
respectively.

1. assert(a(b,c,d),14905) 14905=44580784)
TS F
F

2. assert(a(b,c,d),14905) (14905 mod 2)=0
T-F
F

3. assert(a(b,c,d),14905) [11(11<1490501 [ assert(e(f,Y,2)i))
T - [1(t1<149050 [Z assert(e(f,Y,Z2))
[11(t1<1490501 [ assert(e(f,d,Z)1))

5. Ot(retract(a(b,c,d),t}» assert(a(b,c,d),149058)14905<t)
Ot(retract(a(b,c,d),t}> T [014905<t)
Ot(retract(a(b,c,d),t}> 14905<t)

7. assert(a(b,c,d),14905) -query(a(b,c,d),1490%) LY query(e(Y,c),14905)
T - =query(a(b,c,d),14905)0Y query(e(Y,c),14905)
TOT
T

The query/2 statementshave beensimplified by querying the databasein the current state
(remembetthat the currentstateof our exampledatabaseontainsonly the tuplesa(b,c,e) and e(c,c),
but not a(b,c,d) which will beincludedin the next stateof the databaseorrespondingo the time tag
14906).

The simplification procedurecanleadto threeresults.If atleastoneconstrainthasbeenfalsified
(i.e. F wasderived),thenan inconsistencyhasbeenfound. Therefore no further stepis neededIf all
the constraintsare reducedto T, thenthe updatedoesnot violate the databaseStep 3 canthen be
skipped.In all the othercasesthe proceduremustgo onwith step3, which decideswhich constraints
have to be checked for the particular update

In the example the updateis invalid sinceit falsifies the constraintg1) and(2). In orderto be
ableto proceedwith step3 without changingexample we assumehatthe constraintg1) and(2) have
suddenlybeendroppedby the systemadministrator Taking this into considerationconstraintsderived
from the three constraints (3), (5), and (7), are still in contention after phase 2.

Summarizing the situatioepnstraint (3) was simplified to become
3. [11(t1=<149050 [Z assert(e(f,d,Z)1))

it refersto the pastof the databaseandhasto be checkedby queryingthe history of the databaseif a
tuple matchinge(f,d,?) hasnot beeninsertedat sometime in the past,the constraints violated,andthe
insertion ofa(b,c,d) has to be rejected.



Constraint (5) has been simplified to:
5. Ot(retract(a(b,c,d),t)» 14905<t).

It expresseshatthe retractionof the tuple a(b,c,d) is allowedin any statehavinga time label greater
than14905. This labelcannotbe checkedsinceit refersto statesn the future. Sinceit doesnot involve

the currentupdate,it can be assumedo be true (T). However, that simplified constraintmust be
recorded for future use in the database: it will become a new integrity constraint that must be satisfied by
all the successive updates.

Finally, constraint(7) evaluatego T, which meanghatthis constrainineednot be checkedor the
particular update.

In summary, for the particular update only a single dynamic constraint (3') has to be checked.

So far our algorithm looks quite similar to the one proposedby Nicolas in [14] for static
constraints.The remainderof this sectionwill focus on complicationsthat arise in our enforcement
algorithmdue to the specialnatureof temporalconstraints Due to the lack of spacewe will discuss
these complications informally.

The first singularity arisesfrom interactionsbetweenquery/2 and the predicatesassert/2 and
retract/2, which makeit necessaryto modify the matchingalgorithm usedin step 1 to decideif a
constraintcan potentially be violated. In fact, an insertionor a deletionbecomesvisible (i.e. can be
gueried) in the successive state of the database. For example, if we have the constraint

8. [t (query(p,t)- t < 450)

and p is assertedat time 550, our generalizedunification algorithm would unify assert(p,550) with
guery(p,t) obtainingthe simplified constraint551 < 550 which evaluatesto F (since query(p,551) is
trivially true); consequently, the update would be rejected. Similarly, for the constraint 8' given below

8'. Ot (~query(p,t)-» t < 450)

the retractionof p at time 450 (or later) would be rejectedby our enforcemenalgorithm- as statedin
(8" p should not become false after time 449.

A secondcomplicationarisesfrom the fact that dynamicconstraintscan be violated implicitly as
time passedy. Consideragainconstraint8', andlet us assumehathasneverbeenassertear retracted
during the history of the databaseThe algorithm presentedso far, will consider8' irrelevantfor any
updateoperationthat wasperformedon our exampledatabasandwill not checkthe constraint When
time 450 is reached, the above constraint becomes violated.

To avoid theseproblems,it becomesecessaryo considerany constraintscontainingquery/2 to
be relevantfor any update ,andto simplify the aboveconstraintby substitutingthe currenttime for the
universallyquantifiedtemporalvariable.Note that the constraint8' cannow be evaluatedor time 450.
Consequentlyconstraintscontainingquery/2 patternsuniversallyguantifiedon temporalvariableshave



to be evaluatedor the currentpoint of time, possiblydetectingviolations of constraintghat originally
referred to the future.

Therefore,if r (which is different from p) is assertecat time 450, our enforcementalgorithms
derives the following simplified constraint 8" from 8', which has to be checked in the database:

8". query(p,450)

In the casethat a constraintinvolves multiple such universally quantifiedtemporalvariables,all
possiblesubstitutionsof the currenttime for eachof thesevariableshave to be consideredby the
enforcement algorithm.

A third singularaspectof the previously describedenforcementalgorithm is that it can derive
undecidabletemporalformulas. Supposefor instancethe following constraintreachesstep 3 of the
algorithm:

9. [1 assert(p,t)

If p haspreviouslybeeninsertedinto the databaseit evaluatego T. Otherwise,no truth value canbe
assignedo it sinceit refersto a courseof actionsto be takenin the future. A conservativeapproach
would considerthis constraintfalse (for it canmakethe databasenconsistenin the future). It seems
anyway more natural to ignore it, and therefore behave as if it were true.

The previouslydiscussealgorithmcanbe practicallyimplementedn severaforms.Oneway is to
usea systemthat directly appliesthe algorithmandenforcesconstraintsat run-time. Anotherapproach
would be to use a precompilerthat augmentsthe applicationprogramswith code that enforcesthe
dynamicconsistencyonstraintslf our applicationprogramcontainscodethatassertsa(b,c,d), thenthe
precompilerwould add codethat enforcesthe simplified constraint3' to it, but no codefor any other
dynamic constraints.This is a necessarycondition for the efficiency of any automatic constraint
enforcementalgorithm: only those constraintsthat can potentially be violated by a particular update
should be checked. A Prolog prototype of the algorithm presented in this section has been implemented.

5 Restricted Dynamic Constraints

This sectionis primarily aimedat defining a form of the previously presentedormalism weak
enoughto be convenientlyusedin conventionabdatabasedn orderto achievethatgoal, the possibility
of gettingrid of step3 by restrictingthe rangeof the expressibleconstraintss investigatedln fact, a
(simplified) integrity constraintgoesthroughstep3 if andonly if it refersto a databasetatedifferent
from the current one.

All the formulas that refer only to the current state (once instantiated) have the following pattern:
Ot ¢

where
« ¢ is a formula that does not contain any quantifier applied to a variable standing for a time label, and
« the only occurrences ottan be found as the second argumeiassdt/2, retract/2 andquery/2.



This syntacticrestrictionseemdo be a hugelost in expressivgpower.However,it is our belief
that, apart from some specificatigmporalapplication theintegrity constraintscommonlyuseddo not
needto refer to what happenedn the pasthistory of the databaseThe only thing of interestis the
currentcontentof the databaseandthe updateghat are currently madeon it. The secondpart of the
restrictionforbids a direct manipulationof the time labelsaswhenrequiring that a certain property
holds only after a certaininstant. This constraintwould not be soundin a temporalor historical
database.

As a consequencef this restrictionthe constraint®2, 3 and5 of the previousexampleareruled
out. Theintegrity constraintghat satisfythis syntacticrestrictionhave beercalledrestricted dynamic
constraints, or RDCs. The only RDCs of section 3 were shown in the examples 4, B. &lale thatall
the traditional static integrity constraints are RDCs in this framework.

BeforesayingmoreaboutRDCs,noticethatthe useof time tagsis so strictly ruledin themthat
they canbe droppedor, better,madeimplicit. In this way, the predicateslefinedin section3 do not
need their second argument anymore. They become theas$artl, retract/1 andquery/1.

With this new syntax, the examples 4, 6 and 7 are written as follows:
4 =retract(a(b,c,d))
6 [X query(a(b,c,X)] XY (query(a(b,c,X))d query(a(b,c,Y))- X=Y)
7 [X(assert(a(b,X,d))» query(a(b,X,d))dIY query(e(Y,X)))

RDCsweredevisedwith the purposeof eliminating phase3 of the enforcemenprocedurein a
conventionaldatabaseThus, in order to enforce constraintsexpressedas RDCs, it is enoughto
perform the following steps:

1. select the dynamic integrity constraints that are involved by this update;
2. simplify them as much as possible;

Note thatin manycaseghis procedureallowsto enforceintegrity constraintsy looking only at
the constraintsandat the update.In fact, unlessa constraintcontainsthe query/1 predicatethereis no
needto accesghe (extensiorof the) databaseSincetherearerelatively few constraintan generalthe
checkcanbe donein main memory.If a query/l is encountereda very well defined,very focused
searchin the databasehasto be carried on. This is nearly the only cost of enforcing (dynamic)
constraints for this is the only case in which an access to the database (in secondary storage) is needed.

6 Conclusions

The topic of consistencyenforcemenin databaseindin knowledgebasedsystemss nowadays
very popular, even though only few such systemsprovide tools for expressingand automatically
checking integrity constraints. Howevérne subproblenof staticintegrity constraintss now relatively
well understoodand severalalgorithm have beerdevisedfor their enforcementOn the other hand,



dynamicintegrity constraintshavereceivedonly little attention,andit is difficult to find this topic
treated in the literature but from a very general point of view.

The paperfocusedon the automaticenforcemenof dynamicconsistencyconstraints A logical
formalism for the specificationof dynamic constraintshas been presentedthat extendsfirst order
predicatelogic by a temporaldimensionand by the availability to refer to operationsthat perform
changes.Nicolas' classical enforcementalgorithm [14] for the enforcementof static consistency
constraintshasbeenextendedto copewith dynamicconstraintsit shouldalso be mentionedthat we
implemented our algorithm in a PROLOG environment.

Our currentresearcHocuseson the validation of the presentedalgorithm,and on its integration
into a knowledgebasemanagementhat supportstemporalqueries.Due to the novelty of this research
thereare many other questionghat deservefurther exploration.How doesone copewith constraints
thatreferto eventsin the future andwhat shouldbe their role in a databasenanagemensystem- we
gavean exampleof this problemin the paper(constraints’)? A subclassesf dynamicconstraintshat
canbe enforcedby conventionablatabasenanagemergystemghat only storethe currentstate(RDCs)
has been identified. Our algorithm has been adapted to treat this important subclass.
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