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Abstract. ~ describe a new method for reasoning about conceptual models of 
information systems developed in the deductive approach. The method allows 
checking the effect of external events on the Information Base and generating 
plans able to perform a transition between two states of the Information Base. 
Our method has the full power of the methods developed so far for the traditional, 
operational approach to conceptual modelling. The reasoning capabilities 
provided by our method are helpful and improve the validation task of conceptual 
models of information systems. 
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1 Introduction 

Modern conceptual models of information systems provide a aomplete specification of 
both the static and dynamic aspects of those systems. Many different languages for 
conceptual modelling of information systems have been proposed. However, despite their 
differences, there are only two basic approaches to the modelling of the dynamic aspect. 
We call them the "operational" and the "deductive" approaches. 

In the operational approach, changes to the Information Base (IB), corresponding to 
changes in the Universe of Discourse (UoD), are defined by means of operations. The 
occurrence of a real-world, external event triggers the execution of an operation 
(transaction), which reflects the effect of the event on the IB. These effects consist usually 
of insertions, updates or deletions to the IB. On the other hand, operations, as well as 
queries and integrity constraints usually can only access to the current state of the IB. 

In the deductive approach, the IB is def'med only in terms of the external events, by means 
of deductive rules, and queries and integrity constraints are defined as if the complete 
history of the IB were available. A deductive conceptual model (DCM) is a specification of 
an IS in the deductive approach. A detailed comparison of the operational and deductive 
approaches can be found in [BuO86, Oli86]. 

In this paper, we are interested in the validation of DCMs. By validation we mean the 
determination of the correctness of a conceptual model with respect to the user needs and 
requirements [ABC82]. This is one of  the most important and crucial problems in 
information systems engineering. 
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Classical ways for dealing with validation are based on "user-friendly" specifications and 
rapid prototyping techniques, but it is obvious that much more research is needed [Bub86]. 
In this respect, a promising research direction suggests the use of some kind of reasoning 
method about the specifications. Sometimes, these methods are described as "infological 
simulation" [Bub86] or "semantic prototyping" [LTP91]. The aim is to provide the 
designer with a set of automated reasoning capabilities that allows him to check the 
validity of the conceptual model. 

In this paper, we present a method for reasoning about DCMs. The method uses SLDNF 
resolution as proof procedure and plan generation techniques developed in the Artificial 
Intelligence field. The basic reasoning capabilities offered by the method are: 

a) Given an initial and a target state, together with a sequence of external events, check 
whether the sequence is able to perform the transition between both states. 
b) Given an initial and a target state, obtain one or more sequences of external events 
(plans) able to perform the transition between both states. 

The work most similar to ours, in the field of conceptual modelling using the operational 
approach, is that done by Furtado et al., described in [FuM84,VeF85,FuC90,CFT91]. 
They have developed a set of software tools, called "Expert helpers", to aid in the 
specification, usage and maintenance of IS. We include some comments on this work in 
Sections 3 and 5. 

In the "deductive" approach, Lundberg [Lun82a, Lun82b] developed the IMT (Information 
Modelling Tool), which checks the satisfiability of a model in a given state of the UoD. 
Our method extends this work by considering not only the static aspect but also the 
dynamic aspect of an IS. 

In the medium term, we would like to have, and we need, analytical tools such as those 
developed in Petri nets modelling. In fact, there is a strong similarity between the 
problems described above and the reachability problem in Petri nets [Pet77]. 

The paper is organized as follows. Next section defines basic concepts of DCMs and 
introduces a simple example that will be used throughout the paper. Section 3 describes 
our method for checking the effect of events on the IB. The method uses the DCM. 
Section 4 describes the Internal Events Model (IEM) of an IS. This model, which is 
derived from a DCM, defines the relationship between two consecutive IB states, and plays 
a major role in our method for plan generation. The method is described in section 5. 
Finally, section 6 gives the conclusion and points out future work. 

2 D e d u c t i v e  C o n c e p t u a l  M o d e l s  

A deductive conceptual model (DCM) of an IS consists of: 

- A set B of base predicates 
- A set DR of deductive rules defining derived predicates 
- A set IC of integrity constraints 
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- A set Q of predefmed queries 

In the following, we briefly describe each of these sets. However, in order to focus on our 
objective, we omit in this paper query definition and handling. Figure 1 shows a simple 
example that will be used throughout the paper. The example is taken from [VeF85]. 

Base predicates correspond to the external event types. Each fact of a base predicate, called 
base fact, is an occurrence of an external event. Base facts are the inputs to the IS. We 
assume, by convention, that the last term of a base fact gives the time when the event 
occurred and was communicated to the IS. If  p(a 1 ..... an,q) is a base fact we say that 
p(a 1 ..... an) is true or holds at t i. 

All times are expressed in a unique time unit (such as second, day, etc.) small enough to 
avoid ambiguities. The life span L of an IS is the time interval in which the system 
operates. It is defined as a set of  consecutive time points, expressed in the given time unit, 
L = {t o ..... tend}, where t o and ten d are the initial and final times, respectively. We use 
sometimes the standard predicate time(T). A fact time(t) holds if t belongs to the life span. 

In the example of figure 1 we have four base predicates: offer, enroll, transfer and cancel. 
A base fact offer(c,0 means that course c is offered as a new course at time t. A base fact 
enroll(s,c,t) reports that student s enrolls in course c at time t. A base fact 
transfer(s,fc,tc,0 means that at time t student s is tranferred from course fc to course te. A 
base fact cancel(c,0 means that course c is cancelled at time t. We take as time unit a 
second. 

Derived predicates model the relevant types of knowledge about the Universe of Discourse. 
Each fact of a derived predicate, called derived fact, represents an information about the 
state of the UoD at a particular time point. We also assume that the last term gives the 
time when the information holds. 

Each derived predicate is defined by means of one or more deduction rules. A deduction rule 
of predicate p has the form p(X 1 ..... Xn,T ) ~-- L 1 ..... L m, where p(X 1 ..... Xn,T) is an atom 
denoting the conclusion and L 1 ..... L m are literals representing conditions. Each Lj is 
either an atom or a negated atom. Variables in the conclusion or in the conditions are 
assumed to be universally quantified over the whole formula. The terms in the conclusion 
must be distinct variables, and the terms in the conditions must be variables or constants. 

Condition predicates may~,be ordinary or evaluable ("built-in"). The former are base or 
derived predicates, while the latter are predicates, such as the comparison or arithmetic 
predicates, that can be evaluated without accessing a database. 

We assume every rule to be allowed [GMN84], i.e. any variable that occurs in the rule has 
an occurrence in a positive condition of an ordinary predicate. We also require every rule to 
be time-restricted. This means that for every positive literal q(...,T1) of a base or derived 
predicate q occurring in the body, the condition L 1 ..... L m ---> T1 < T must hold. This 
ensures that p(X 1 ..... Xn,T ) is defined in terms of q-facts holding at time T or before. 

In the example, there are five derived predicates, with their corresponding (and hopefully 
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self-explanatory) rules. Note that predicate enrolled is defined by two deductive rules, since 
a student is enrolled in a course either by a enroll or by a transfer base fact. 

Integrity constraints are closed first-order formulas that base and/or derived facts are 
required to satisfy. We deal with constraints that have the form of a denial <-- L 1 ..... L m, 
with m > 1, where the Lj are literals and variables are assumed to be universally quantified 
over the whole formula. More general constraints can be transformed into this form as 
described in [L1T84]. For the sake of uniformity, we associate to each integrity constraint 
an inconsistency predicate ic~ with at least a time term, and thus it has the same form as 
the deductive rules. We call them integrity rules. 

In the example of figure 1 we show six inconsistency predicates, with their rules. To see 
how an inconsistency may arise, assume that base facts offer(db,1) and enroll(mary,db,3) 
were received at times 1 and 3, respectively. Now, if at time 6 the IS receives 
transfer(mary, db,is,6), inconsistency ic2(6) is violated, because offered(is,6) does not hold. 
Therefore, the base fact transfer(mary, db,is,6) must be rejected. 

We note in passing the declarative nature of the deductive approach. Enforcement of the 
single integrity constraint ic2 in the operational approach requires three preconditions: for 
cancel, that no students are taking the course cancelled; for transfer, that the course to 
which the student is tranferred is being offered; and for enroll, that the course to which the 
student is enrolled is being offered. 

The standard predicate ic(T) is defined by the set of rules ic(T) ~-- icj (T), for j = 1...n, 
where n is the number of integrity constraints in the DCM. A fact ic(0 holds if at time t 
some integrity constraint is violated. 

base predicates 
offer(Course,Time) 
enroll(Student,Course,Time) 
transfer(Student,From_course,To_course,Time) 
cancel(Course,Time) 
derived predicates 
DR. 1 
DR.2 
DR.3 
DR.4 
DR.5 
DR.6 
integrity 
icl(T) <-- 
ic2(T) <--- 
ic3(T) <--- 
ic4(T) <--- 
ic5(T) 
ic6(T) 

offered(C,T) ~-- offer(C, T1), T1 < T, not(cancelled(C,T1,T)). 
cancelled(C,T1,T) <--- offer(C,T1), cancel(C,T2), T2 > T1, T2 < T. 
takes(S,C,T) <--- enrolled(S,C,T1), T1 _< T, not(transferred(S,C,T1,T)). 
enroUed(S,C,T) <--- enroll(S,C,T). 
enrolled(S,C,T) <--- transfer(S,Fc,C,T). 
transferred(S,C,T1,T) <-- enrolled(S,C,T1), transfer(S,C,Tc,T2), T2 > T1, T2 < T. 

constraints 
offer(C,T), offered(C,T- 1). 
takes(S,C,T), not(offered(C,T)). 
enroll(S,C,T), takes(S,C,T- 1). 
transfer(S,Fc,Tc,T), takes(S,Tc,T- 1). 
transfer(S,Fc,Tc,T), not(takes(S,Fc,T- 1)). 
cancel(C,T), not(offered(C,T- 1)). 

F i g. 1. Example of Deductive Conceptual Model 
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3 Checking the Effect of Events 

The deductive approach to conceptual modelling of IS allows a simple solution to the 
problem of checking the effect of a given sequence of external events (base facts) on the 
Information Base. The equivalent problem in the operational approach is checking the 
effect of a sequence of operations on the lB. 

This problem appears in several, related contexts during the validation of a conceptual 
model. For example, the designer might want to check whether or not a sequence of events 
is acceptable with respect to the set of integrity constraints defined in the model. If the 
result is not as expected, it might suggest the need for refinements of the integrity 
constraints [VeF85]. As another example, the designer might want to check whether or not 
a sequence of events leaves the IB in a given state. Again, if the result is not as expected, 
it might suggest the need for refinements of the deductive rules. 

Stated more precisely, the problem is: Given an initial state of the IB, a sequence U of 
base facts and a final state of the IB, check whether the sequence performs the transition 
between both states. The initial state is defined by an initial time t i and a set IBF of base 
facts, and the final state is defined by a final time tf and a goal G. 

For example, t i = 3, tf = 7, 

IBF = {offer(cl,1), enroU(john,cl,3)} 
U = {offer(c2,5), transfer(john,cl,c2,6), cancel(cl,7)} 
G ~-- not(offered(cl,7)) 

defines an initial state, corresponding to time 3, where both offered(cl,3) and 
takes(john,cl,3) hold, and we want to check that U produces a final state, corresponding to 
time 7, where offered(cl,7) does not hold. 

Our method for checking the effect of events on the IB is entirely based on the use of 
standard SLDNF resolution. Let IBF and U be sets of base facts, and G a conjunction of 
literals. Ignoring for the moment the integrity constraints, G holds in the final state if 
{<---G} succeeds from input set DCM u IBF u U. 

However, we have to ensure that the IB is consistent at any time between the initial and 
final states. We take this into account by defining a standard auxiliary predicate: 

ic_violated ~ time(T), T > t i, T < tf, ic(T) 

and then G holds in the final state if { ~ G ,  not(ic_violated)} succeeds from input set DCM 
u IBF u U. 

Figure 2 shows (part of) the refutation of the goal {~G,  not(ic_violated)} in our example. 
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~ G ,  not(ic_violated) 

~not(offered(c 1.7)), not(ic_violated) 

~offered(c 1,7 ) fails 

<---not(ic violated) 

~---ic violated fails 

[1 

~-offered(cl.7) 

DR.1 

~--offer(cl.T1), Tl<7, not(canceUed(cl,T1,7)) 

I IBF, TI=I 

<--1_<7. not(cancelled(cl,l,7)) 

I 
~---not(cancelled(c 1.1.7~ 

~--cancelled(c 1,1,7) succeeds 

fail 

F I g. 2. Refutation of G 

Application of our method requires the initial state be defined as a set IBF of base facts. 
However, we could also start with an initial state defined by an initial goal, consisting of 
a conjunction of literals. 

The method proposed by Furtado et al. [FuM84,VeF85], which deals with the operational 
approach, solves this problem by executing the operations in the order given, and 
comparing the resulting final state against the expected one. The most significant 
difference that we see between this method and ours, is that an analysis of the derivations 
that we obtain in the refutation may show which base facts have been used, and which 
ones are irrelevant for reaching the final state. In some cases, such analysis might be 
helpful in the validation. 
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4 T h e  I n t e r n a l  E v e n t s  M o d e l  

In the previous section, we have shown a method for checking the effect of a set of base 
facts on the IB. Now, we would like to have a similar method for generating a set of base 
facts (a plan) able to perform a transition between two given initial and final states. 

In our deductive approach, this problem is similar to the view updating problem in 
deductive databases. In that context, the problem is: given a deductive database D, 
consisting of a set of base facts and a set of deductive rules, and a view update (insertion or 
deletion of a derived fact), find a set of updates on the base facts such that leaves the 
updated database D' in a state where the required derived fact holds (if insertion) or does not 
hold (if deletion). 

In a previous work [TeO92], we have developed a new method for view updating in 
deductive databases, which gives a complete set of correct solutions to a view update 
request. The method is based on an events model of  a deductive database, which is 
formally derived from the deductive rules. 

we extend in this paper the above work to develop a method for plan generation in DCMs. 
The method will use an Internal Events Model (IEM), which is a generalization of the 
events model of deductive databases. The IEM was defined in [Oli89,San90], where a 
formal procedure to derive it from a given DCM was also given. Before describing our 
method in the next section, we need to introduce here the main concepts of an IEM. 

4.1 Classification of Predicates 

Predicates defined in a DCM can be classified according to their temporal behaviour. For 
our purposes, the most important classification is the following. Let p be a predicate. 
Assume that fact p(k) holds at time T-I, where k is a vector of constants, and assume that 
no external events happen at time T, that is, no base facts are received at T. What can we 
say about the truth of p(k) at time T?. There are three cases: 

a) If we can say that p(k) will be false at time T, then we classify p as P-transient. 
b) If  we can say that p(k) will be true at time T, then we classify p as P-state. 
c) If the truth of p(k) depends on the truth of some condition that must be evaluated at 
time T, we classify p as P-spontaneous. 

In our DCM example of figure 1, predicates offered, cancelled, takes and transferred are P- 
state; while predicate enrolled is P-transient. Base predicates are always assumed to be P- 
transient. 

4.2 Internal Events 

The concept of  internal event tries to capture in a natural way the notion of  change in the 
extension of a predicate. We associate to each P-state or P-spontaneous predicate p an 
insertion internal events predicate tp and a deletion internal events predicate 8p defined as 
follows: 
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(1) ~'X,T (tp(X~T) ~ p(~T) A --p(X~T-1)) 
(2) k/X~T (8 p(X,T) ~-~ p(X,T-1) A --p(X,T)) 

where X is a vector of variables, and then: 

(3) VX, T (p(X;T) <--> (p(X~T-1) ̂  -. 8p(~T)) v tp(A~T)) 
(4) VX~T (-.p(X,T) ~-~ (--9~T-1) ^ -.tp(X~T))v 8p(~T)) 

To P-transient predicates we only associate an insertion internal events predicate tp defined 
a s :  

(5) VX, T (tp(~T)<---> p(X;T)) 

If  p is a derived predicate, then tp facts and 8p facts represent induced insertions and 

deletions of derived facts, respectively. If p is an inconsistency predicate, then tp facts that 

occur at time T will correspond to violations of its integrity constraint. Note that, for 

inconsistency predicates, 8p facts cannot happen in any transition, since we assume that 

the IB is consistent at time T-1 and, thus, p(X;T-1) is always false. 

We also use the internal events concept for base predicates. In this case, tp facts represent 
the external events (given by the environment) corresponding to insertions of base facts. 
We use sometimes the term "event" to denote either an internal or external event. 

4.3 Transition Rules 

Let p(X;T) ~-- L 1 ..... L m be a deductive or inconsistency rule. The rule defines the 
extension of p at time T in terms of the extensions at time T, or befoce, of the predicates 
appearing in the body of the rule. A transition rule for p is a rule that defines the 
extension of p at time T in terms of the extensions at time T-l, or before, of the predicates 
appearing in the body of the rule, and the internal events of these predicates that occur at 
time T. We obtain the transition rules substituting each Lj, j = 1...n, by its equivalent 
expression (see [Oli89,San90] for details). 

Consider, for example, rule DR. 1: 

offered(C,T) ~-- offer(C,T1), T1 < T, not(cancelled(C,T1,T)) 

Literal offer(C,T1) can be replaced by ((offer(C,T1) ^ T1 < T) v (toffer(C,T) A T1 = T)). 
Similarly, literal not(cancelled(C,T1,T)) can be replaced by ((--,cancelled(C,T1,T-1) A 
-tcancelled(C,T1,T)) v 8cancelled(C,T1,T)), as given by (4). After distributing ^ over v,  
we get: 

offered(C,T) ~-- offer(C,T1), T1 < T, not(canceUed(C,T1,T-1)), not(tcanceUed(C,T1,T)) 
offered(C,T) <--- offer(C,T1), T1 < T, 8cancelled(C,T1,T) 
offered(C,T) <--- t offer(C,T), not(cancelled(C,T,T-1)), not(tcancelled(C,'l;T)) 
offered(C,T) <--- toffer(C,T), 8cancelled(C,T,T) 
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which are the transition rules for predicate offered. Note that these rules allow us to infer 
which courses are offered at time T in base to the offer and cancelled facts holding at time 
T-1 or before, and the events tcancelled, 8cancelled and toffer that occur at time T. 

4.4 Internal Events Rules 

An internal event rule is a rule that defines the conditions upon which an internal event 
happens. Thus, internal event rules allow us to deduce which internal events happen in a 
given transition. For example, the rules: 

toffered(C,T) 6- toffer(C,T) 
8offered(C,T) 6- tcancel(C,T) 

are an insertion and a deletion internal event rule, respectively. The first rule states that the 
occurrence of an toffer fact (in this case, the insertion of an offer base fact) induces a 
corresponding toffered fact. The second rule states that the occurrence of a tcancel fact 
(again, the insertion of a cancel base fact) induces a corresponding 8offered fact. 

We get the internal events rules using a procedure (described in [Oli89,San90]) based on 
the definitions (1), (2) and (5), replacing p(X;T) by its transition rules, and applying a set 
of standard simplifications, that may involve the integrity constraints. Application of this 
procedure to the DCM example gives the internal events rules shown in figure 3. 

IDR.1 
IDR .2 
IDR.3 
IDR .4 
IDR.5 
IDR.6 
IDR .7 
IDR.8 
IDR.9 
IDR.10 
IDR.11 
IDR.12 
IDR.13 
IDR.14 
IDR.15 
IDR.16 
IDR.17...22 

toffered(C,T) 6- toffer(C,T) 
8offered(C,T) 6- tcancel(C,T) 
tcancelled(C,T1,T) 6- offer(C,T1), tcancel(C,T), T1 < T 
ttakes(S,C,T) +-- tenrolled(S,C,T) 
8takes(S,C,T) 6- ttransfer(S,C,Tc, T) 
tenrolled(S,C,T) 6- tenroll(S,C,T) 
tenrolled(S,C,T) 6- ttransfer(S,Fc,C,T) 
ttransferred(S,C, T1,T) 6- enroll(S,C,T1), ttransfer(S,C, Tc,T), T1 < T. 
ticl(T) 6- toffer(C,T), offered(C,T-1). 
tic2(T) 6- t takes(S,C,T), not(offered(C,T-1)), not(toffered(C,T)). 
tic2(T) 6- takes(S,C,T-1), not(Stakes(S,C,T)), 8offered(C,T). 
tic2(T) 6- ttakes(S,C,T), 8offered(C,T). 
tic3(T) 6- tenroll(S,C,T), takes(S,C,T-1). 
tic4(T) 6- ttransfer(S,Fc,Tc,T), takes(S,Tc,T-1). 
tic5(T) 6- ttransfer(S,Fc,Tc,T), not(takes(S,Fc,T-1)). 
tic6(T) 6- tcancel(C,T), not(offered(C,T-1)). 
tic(T) 6- ticj(T) j=l. .6 

F ig .3 .  Internal events model of the DCM example. 
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5 Generating Plans 

5.1 Our  Approach  

In this section we will apply the internal events model (IEM) for generating a set of base 
facts (a plan) able to perform a transition between two given initial and final states of the 
IB. The equivalent problem in the operational approach is generating a sequence of 
operations that change the IB from an initial state to a final state. 

This problem is very important, because many questions about the correctness of a DCM 
can be translated into instances of this problem [Pet77]. For example, the designer can ask 
whether there exist some events sequences leading to an illegal state. If it is so, this might 
suggest the need for refinements in the integrity constraints. As another example, the 
designer could ask which are the different ways (plans) to reach some legal state. If some 
plan is not valid, it could suggest the need for refinements in the deductive rules and/or the 
integrity constraints [VeF85]. 

Stated more precisely, the problem is: Given an initial state, defined by an initial time t i 
and a set IBF of  base facts, and the final state defined by a final time t f  and a goal G, 
obtain one or more event sequences able to perform the transition between both states. 

For example, if we have t i = 3, tf = 5, 

IBF = {offer(cl,1), enroll(john, c 1,3)} 
G(5) 4-- takes(john,c2,5),takes(peter,c2,5) 

a possible plan could be: 

P1 -- {offer(c2,4),transfer(john,cl,c2,5),enroU(peter,c2,5)} 
or also: 
P2 = {offer(c2,4),enroll(john,c2,5),enroll(peter, c2,5)} 

Our approach to this problem consists in generating a subplan for each of the tf - t i time 
points comprised in the interval [ti, tf], starting at time tf  and ending at time t i. At the 
stage corresponding to time T, we have a goal G(T) that we want to reach and we obtain a 
subplan P(T) (events that must occur at time T) and a previous goal PG(T-1) that must be 
true at time T - 1. A plan is successful if PG(ti) holds in the initial state. 

Checking whether PG(ti) holds in the initial state is a particular case of the problem of 
checking the effect of events, as described in section 3. Thus, standard SLDNF resolution 
can be used. 

We now focus on the problem to solve at a stage T. We have a goal state G(T) and we 
want to obtain a subplan P(T) and a previous goal PG(T-1). We will first derive the 
transition rules of G(T), as explained in the previous section. In general, we obtain n >_ 1 
transition rules, corresponding to n different ways to achieve G(T) using facts holding at 
time T - 1 and events that occur at T. We denote by TR(G(T)) this set of transition rules. 
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A subplan P(T) and a previous goal PG(T-1) are sets of literals such that using SLDNF 
resolution, the goal {<---G(T)} succeeds from input set IEM u TR(G(T)) u P(T) u PG(T- 
1). A subplan P(T) and a previous goal PG(T-1) are obtained by having some failed 
derivation of IEM u TR(G(T)) u {<---G(T)} succeed. This is effected by including in the 
input set P(T) a ground instance of each positive external event literal selected during the 
derivation, and by including in the input set PG(T-1) a ground instance of each non-event 
literal selected during the derivation. 

All possible ways in which a failed derivation of  IEM u TR(G(T)) u {<---G(T)} can 
succeed lead to a different P(T) and PG(T-1). Each different P(T) and PG(T-1) may lead, in 
subsequent stages, to a different successful plan or to a contradictory state. 

In order to ensure that a generated plan satisfies integrity constraints, the initial goal state 
G(tf) should include the literal not(ic(tf)). Note that if ic does not hold at tf, it can not hold 
at any previous time. 

The following example illustrates our approach. We give the formal definition of the 
method in section 5.3. 

5.2 An Example 

Assume that the initial state is: 

ti=3, IBF={offer(cl, 1), enroll(john,cl,3)} 

and that we want to reach at time tf=5 the final goal: 

G(5)~takes(john,c2,5), takes(peter,c2,5), not(ic(5)) 

(Our method also allows to leave undefined the final time tf  but, for purposes of 
presentation, we will not consider this case here) 

We have to obtain the plans (sets of external events) that lead to the final state from the 
initial state. 

At first stage our current goal state is the final state, G(5). We have to determine the 
previous goal state at time 4, PG(4), and the subplan, P(5), that performs the transition 
from PG(4) to G(5). 

The set of goal transition rules, TR(G(5)), for our current goal state G(5), is: 

GTR.1 

GTR.2 

GTR.3 

GTR.4 

G(5) <--- takes(john, c2,4), not(8 takes(john,c2,5)), takes(peter, c2,4), 
not(Stakes(peter, c2,5)), not(it(4)), not(tic(5)) 

G(5) ~ takesfjohn, c2,4), not(6 takes(john,c2, 5)), ttakes(peter,c2,5), 
not(ic(4)), not(tic(5)) 

G(5) <--- ttakes(john,c2,5), takes(peter,c2,4), not(Stakes(peter, c2,5)), 
not(ic(4)), not(tic(5)) 

G(5) ~ ttakes(john,c2,5), ttakes(peter, c2,5), not(ic(4)), not(tic(5)) 
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Possible previous goals, PG(4), and subplans, P(5), can be obtained by making a failed 
SLDNF derivation of IEM u TR(G(5)) u {<---G(5)} succeed. This is shown in figure 4, 
where the circled labels are references to the rules of the method, defined in section 5.3. 

<--43(5) 

1 GTR.4 @ 

<--ttakes(_iohn.c2.SLttakes(peter, c2,5), not(ic(4)), not(tic(5)) 

2 IDR .4 @ 

<---tenrolled(iohn.c2.51, ttakes(peter,c2,5), not(ic(4)), not(tic(5)) 

3 IDR .7 @ 

<---ttransfer(_iohn.Fc.c2.5L ttakes(peter,c2,5), not(ic(4)), not(tic(5)) 

4 p(5)={ ttransfer(john,fc,Sc2,5)} @ 

~ttakes(peter.c2.5L not(ic(4)), not(tic(5)) 

~ ~ ,  not(ic(4)), not(tic(5)) 

6 | 
~ ~ ,  not(it(4)), not(tic(5)) 

7 ! P(5)={ ttransfer(j ~ 
tenroU(peter,c2,5)} @ 

~noffic(4)), not(tic(5)) 

8 I PG(4)={not(ic(4))} @ 

<---not(tic(5)1 

[] 

Fig.4. Example. 

Steps 1, 2, 3, 5 and 6 are SLDNF resolution steps where rules of IEM and TR(G(5)) act 
as input clauses. We may have several alternative rules to resolve with. For example, at 
step 3, rule IDR.6 could have been used as input clause instead of IDR.7. Each alternative 
may lead to a different plan. 
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At steps 4 and 7, selected literals are ttransfer(john,Fc,c2,5) and tenroll(peter, c2,5), 
respectively. In order to get a successful derivation they should be included in the input set 
and used as input clauses. As they are external events literals; they are included in the 
subplan set, P(5). As literal ttransfer(john,Fc,c2,5) is not ground we would have to add to 
P(5) an existentially quantified literal 3Fc (ttransfer(john,Fc,c2,5)), that cannot be directly 
used in a resolution based system. Thus, we have to replace existentially quantified 
variables in it with skolem constants: ttransfer(john,fcS,c2,5). In the following, symbols 
as xS,yS,t s ..... will be skolem constants. 

At step 8, the selected literal is not(ic(4)). As it is a non-event literal, it is included in the 
previous goal set PG(4). 

At step 9, selected literal is not(tic(5)). In order to get a successful derivation, SLDNF- 
search space must fail finitely for { <---tic(5)} u IEM u TR(G(5)) u P(5) u PG(4). We 
show in figure 5 failure for <--tic(5). 

| 
<----lic(53 

�9 
*--tic 1 (5) *--tic4(5) 

<--toffer(C.5), offered(C,4) <--ttransfer(S.Fc.Tc.5), takes(S,Tc,4) 

Q 3 I C(5)={,._toffer(C,5),offered(C,4) } 3 ttransfer(jotm,fc,Sc2,5) ~P(5) 
C(5)={..., <--~ansfer(S ,Fc,Tc,5), 

fail takes(S,Te,4)} 

4 [ PG(4)={not(ic(4)), 
not( take s (j tim ,c2,4) ) ] ( ~ )  

fail 

Fig.5. Example. 

In the first step a branch in the SLDNF-search space appears for every integrity constraint 
of  the example, although only two branches are shown here. In the left branch, steps 1 and 
2 are SLDNF resolution steps where rules of the IEM act as input clauses. At step 3 the 
branch fails because there is no fact in the input set P(5) to resolve with the selected 
literal. This current goal is included in a condition set C(5) to check that later on, during 
the derivation process, new additions to P(5) do not make this branch succeed. 

In the fight branch, steps 1 and 2 are SLDNF resolution steps where rules of the IEM act 
as input clauses. At step 3 a fact from the subplan set P(5) is used as input clause. We 
include the current goal in the condition set C(5) to check that later on, during the 
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derivation process, new additions to P(5) do not make this branch succeed. At step 4 the 
selected literal is non-event. The negation of it is included in the previous goal set PG(4) 
to ensure failure for it. 

After completing the tree in figure 5, P(5) remains unchanged: 

p(5)=_ {t transferfjohn,fcS,c2,5), tenroll(peter, c2,5)} 

and PG(4) is: 

PG(4)={not(ic(4)), offered(c2,4), not(takes(peter,c2,4)), not(takes(john,c2,4)), 
takes(john,fcS,4)} 

Then, in the initial derivation of figure 4, we obtain the empty clause and first stage is 
finished obtaining P(5) and PG(4) as mentioned above. 

At second stage, new current goal state G(4) is PG(4), obtained at first stage. We apply the 
same process, just described, and we get: 

P(4)={toffer(c2,4)} 
PG(3)={not(ic(3)), not(takes(peter,c2,3)),not(takes(john,c2,3)), takes(john,fcS,3), 

not(offered(c2,3))} 

which holds in the initial state for fcS=cl. 

Terms in PG(T) may be skolem constants, which stand for still unknown objects. These 
skolem constants are treated as variables, because it is possible that PG(T) holds in the 
initial state for certain values of those skolem constants. 

From above, the obtained plan is: 

P={toffer(c2,4), ttransfer(john,cl,c2,5), tenroll(peter, c2,5)} 

Other plans are obtained similarly. 

5.3 Our  Method 

In this section, we give a formal definition of the method illustrated in the above example. 

The plan will be generated by obtaining a subplan for each of the time points comprised 
in the interval [ti,tf]. At the stage corresponding to time T, we have a goal G(T) that we 
want to reach and we obtain a subplan P(T) (events that must occur at time T) and a 
previous goal PG(T-1) that must be true at time T - 1. A plan is successful if PG(ti) holds 
in the initial state. 

Let G(T) be the current goal state. P(T) will be the subplan that makes the transition from 
previous goal state PG(T-1) to G(T) if there exists a constructive derivation from ((---G(T) 
{} {} {}) to ([] P(T) C(T) PG(T-1)). A constructive derivation, described below, derives a 
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consistent subplan P(T) and previous goal PG(T-1). Consistency will be ensured by 
consistency derivations. 

In order to define constructive and consistency derivations we will need the following 
conventions: 

- Goal literal is a literal corresponding to the predicate associated to the current goal state 
(Gff)). 
- Non-event literal is a literal correspondig to a base, derived or inconsistency predicate. 
- s(L) is the result of skolemising literal L, that is, replacing all its existentially quantified 
variables in it with skolem constants. For example, s(ttransfer(john,Fc,c2,5))= 
ttransfer(john,fc s,c2,5) 
- To homogenise a clause is to transform it into an equivalent one that has no constant 
symbols in its head atom and no variable symbol occurs more than once in its head atom. 
For example, the homogenised clause equivalent to ttransferfjohn,fcS,c2,5) is 
ttransfer(john,Y, c2,5) <-- Y=fc s 

C o n s t r u c t i v e  D e r i v a t i o n  D e s c r i p t i o n  

A constructive derivation from (GI(T) PI(T) CI(T) PGI(T)) to (Gn(T) Pn(T) Ca(T) 
PGn(T-1)) via a safe selection rule R, that selects literals not corresponding to evaluable 
predicates with priority, is a sequence: 
(GI(T) PI(T) CI(T) PGI(t-1)), (G2(T) P2(T) C2(T) PG2(T-1)) ..... (Gn(T) Pn(T) Cn(T) 
PGn(T-1)) 
such that for each i>l, Gi(T) has the form <---L 1 ..... L k, R(Gi(T))= ~ and (Gi+I(T) Pi+I(T) 
Ci+ 1 (T) PGi+ 1 (T-1)) is obtained according to one of the following rules: 

A1) If Lj is a positive internal event or goal literal then Gi+I(T)--S, Pi+I(T)=Pi(T), 
Ci+I(T)=Ci(T ) and PGi+I(T-1)--PGi(T-1 ), where S is the resolvent of some clause in IEM 
or TR(G(T)) with Gi(T ) on the selected literal Lj. 

A2) I fLj  is a positive, non-event literal then Gi+I(T)--S, Pi+I(T)=Pi(T), Ci+I(T)---Ci(T) 
and PGi+I(T-1)--PGi(T-1) u{s(Lj)}, where S is the resolvent of s(Lj) with Gi(T). 

A3) If L~ is a negative, ground and non-event literal then Gi+I(T)= <---L 1 . . . . .  Lj_ 1, 
Lj +1 ..... ~k, Pi+ 1 (T)=Pi(T), Ci+ 1 (T)=Ci(T) and PGi+ 1 (T'I)=PGi(T" 1)u {Lj }. 

A4) If L~is a ground and evaluable literal then Gi+I(T)-- <---L 1 ..... Lj_ 1, Lj+ 1 ..... L k, 
Pi+I(T)=Pi(T), Ci+I(T)=Ci(T) and PGi+I(T-1)---PGi(T-1)ufLj}. 

A5) If Lj is a positive, external event literal and Ci(T)--O, then Gi+I(T)=S, 
Pi+I(T)=Pi(T)u{s(Lj)}, Ci+I(T)=Ci(T) and PGi+I(T-1)--PGi(T-1 ), where S is the resolvent 
of s(l..j ) with Gi(T ). 

A6) If Lj is a positive, external event literal, C i(T)={<---Q 1 ..... <---Qk ..... <---Qn} and there 
exist consistency derivations 
from ({<---Q1} Pi(T) u{s(Li)} Ci(T) PGi(T'I)) to ({ } pI(T) CI(T) pGI(T-1)) .... .  
from ({<---Qk} Pk-l(T) ck-'l(T) pGk-1 (T'I)) to ({ } pk(T) Ck(T) pGk(T-1))) . . . . .  
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from ({~--Qn} pn-I(T) cn-I(T) pGn-I(T'I) ) to ({ } pn(T) Cn(T) pGn(T-1)), 
then Gi+I(T)=S, Pi+I(T)=pn(T), Ci+I(T)=Cn(T) and PGi+I(T-1)=pGn(T-1), where S is 
the resolvent of s(Lj) with Gi(T). 

A7) If Lj is a negative internal or external event literal "not(Q)" and there exists a 
consistency derivation from ({<---Q} Pi(T) Ci(T)PGi(T-1)) to ({ } P'(T) C'(T) PG'(T-1) ) 
then Gi+I(T) = ~-- L 1 ..... Lj_I, Lj+ 1 ..... Lk, Pi+I(T)=P'(T), Ci+ 1 (T)=C'(T) and PGi+I(T- 
1)=PG'(T-1). 

The step corresponding to rule A1) is an SLDNF resolution step. At steps corresponding 
to rules A2), A3) and A4), non-events literals are added to the previous goal set PG(T-1) 
and used as input clauses. This is done in order to have a failed derivation of IEM u 
TR(G(T)) u {<--G(T)} succeed. In case A5) external events are added to the subplan set 
P(T) and used as input clauses if condition set C(T) is empty. This is also done in order to 
have a failed derivation of IEM u TR(G(T)) u {<---G(T)} succeed. In case A6) external 
events are added to the subplan set P(T) and used as input clauses if consistency for each 
condition in C(T) can be ensured having these events in P(T). This may require in some 
cases the inclusion of new elements in P(T), C(T) and/or PG(T-1). This is also done in 
order to have a failed derivation of IEM u TR(G(T)) u {6--G(T)} succeed. In case A7) 
consistency for negative events literals is ensured. Again, this may require additions to 
P(T), C(T) and/or PG(T-1). 

There are different ways in which a constructive derivation can succeed. Each one may lead 
to different plans. 

Consistency Derivation Description 

A consistency derivation from (FI(T) PI(T) CI(T ) PGI(T ) ) to (Fn(T) Pn(T) Cn(T) 
PGn(T-1)) via a safe selection rule R, that selects literals not corresponding to evaluable 
predicates with priority, is a sequence: 
(FI(T) PI(T) CI(T) PGI(T-1)),(F2(T) P2(T) C2(T) PG2(T-1)) ..... (Fn(T) Pn(T) Cn(T) 
POrt(T-I)) 
such that for each i>l, Fi(T) has the form {<---L 1 ..... L k} u F'i(T) andforsome j=l...k, 
(Fi+I(T) Pi+I(T) Ci+I(T) PGi+I(T-1)) is obtained according to one of the following rules: 

B1) IfLj is a positive and internal event literal then Fi+I(T)= S' u F'i(T) where S' is the 
set of all resolvents of clauses in IEM with <---L 1 ..... L k on the literal Lj, Pi+I(T)=Pi(T), 
Ci+I(T)=Ci(T) and PGi+ 1 (T-1)=PGi(T- 1). 

B2) If Lj  is a ground and non-event literal then Fi+I(T)--F'i(T), Pi+I(T)=Pi(T), 
el+ 1 (T)fCi(T) and PGi+ 1 (T-1 )=PGi(T- 1 )u {not(Lj)}. 

B3) If L j  is a ground and evaluable literal then Fi+I(T ) --F'i(T), Pi+I(T) =Pi(T), 
Ci+I(T)=Ci(T) and PGi+I(T-1) =PGi(T-1 ) u{not(Lj)}. 

B4) IfLj is a positive and external event literal then Fi+I(T) = S' u F'i(T) where S' is the 
set of all resolvents of homogenised facts in P(T) with <---L 1 ..... L k on the literal Lj, and D 

S', Pi+I(T)=Pi(T), Ci+I(T)=Ci(T)u{<---L1 ..... Lk} and PGi+I(T-1)=PGi(T-1 ). 
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B5) If Lj is a positive and external event literal and there are no homogenised facts in P(T) 
that  can be un i f i ed  with Lj, then  Fi+I(T)=F'i(T), Pi+I(T)=Pi(T), 
Ci+I(T)--Ci(T)u{~--L1 ..... Lk} and PGi+I(T-1)--PGi(T-1). 

B6) If L j  is a ground, negative and external event literal "not(Q)" and Qe Pi(T) then 
Fi+I(T)--F'i(T), Pi+I(T)--Pi(T), Ci+I(T)---Ci(T) and PGi+I(T-1)=PGi(T-1 ). 

B7) If Lj is a ground, negative and internal or external event literal "not(Q)" and there 
exists a constructive derivation from ({~Q} Pi(T)Ci(T)PGi(T-1 ) ) to ([] P'(T) C'(T) 
PG'(T-1) ) then Fi+I(T)=F'i(T), Pi+l (T)=P'(T), Ci+I(T)=C'(T) and PGi+I(T-1)=PG'(T-1 ). 

Step corresponding to rule B1) is a SLDNF resolution step. In cases B2) and B3) the 
negation of non-event literals is added to the previous goal set PG(T-1). This is done in 
order to make a successful SLDNF branch fail. The branch can be dropped because failure 
for it is ensured. In case B4) we resolve with a fact from current subplan set P(T). In case 
B5) current branch already fails and it can be dropped. In cases B4) and B5) we include the 
current goal to the condition set C(T) to ensure that later additions to P(T) do not make 
this branch succeed. In case B6) the current branch already fails and thus it can be dropped. 
In case B7) the selected literal is a negative event literal, the current branch will be dropped 
if there exists a conslructive derivation for the negation of the selected literal. This ensures 
failure for it. 

Consistency derivations do not rely on the particular order in which selection rule R 
selects literals, since in general, all the possible ways in which a conjunction ~-- L 1 ..... L k 
can fail should be explored. Each one may lead to a different plan. 

5.4 Comparison with other Work 

To our knowledge, there is no similar work, in the deductive approach, to the one 
presented here. For this reason, we only give a brief comment on the work done in the 
operational approach. 

The method proposed by Furtado et al. is based on an extension of Warren's algorithm 
[War74]. The most significant difference that we see between this method and ours, is that 
our method also allows to include in a plan two or more external events that occur at the 
same time. The equivalent solution in the operational approach would be to require the 
simultaneous execution of two or more operations, which is not allowed. 

Thus, in the example given in section 5.2 we have obtained the plan P-- {toffer(c2,4), 
ttransfer(john,cl,c2,5), tenroll(peter,c2,5)}, which means that two external events 
(ttransfer, tenroll) occur at time 5. This solution is not obtained in Furtado et ars method. 

In [Cos91] we compare our method with Kowalski's method [Kow79], using the well- 
known "blocks world" model as example. 
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6 Conclusions 

We have presented a new method for reasoning about deductive conceptual models of 
information systems. The method consists of two parts: checking the effects of events on 
the Information Base, and generating plans able to perform a transition between two states 
of the Information Base. 

In our method, checking the effect of events is based on the use of standard SLDNF 
resolution and, thus, can be implemented directly in Prolog. 

We have shown that the problem of generating a plan is strongly related to the view 
update problem in deductive databases. Our method is based on the use of the internal 
events model, and a simple extension of the SLDNF procedure allows us to obtain all 
valid plans. 

Our method provides at least the same reasoning capabilities of the methods developed for 
the operational approach in the last years. Thus, we consider our method as a significant 
step in the development and acceptance of the deductive approach to conceptual modelling 
of information systems. 

Use of our method may be very useful during conceptual models validation. We hope that, 
by exploiting the reasoning capabilities provided by our method, we can improve the 
important task of model validation in information systems engineering. 

Our future plans will focus on development of heuristics that help to reduce the search 
spaces generated during plan generation. 
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