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Abstract

Inductive Logic Programming — ILP — is a relatively new approach to machine
learning which attempts to overcome some of the limitations of earlier methods by

o allowing the use of background knowledge (domain theory) and

e providing a more powerful concept description language, n'amely, the language
of logic programs

The adoption of the language of logic programs as instances and hypotheses descrip-
tion languages gives rise to many difficulties that need to be overcome — learning
logical definitions requires the exploration of very large space of hypotheses de-
scriptions and, consequentely, restrictions should be imposed on the hypotheses
space so to make learning a feasible task. Among them is the ij-determination
restriction on Horn Clauses. The concept of ij-determination is important since
it is often used to compare the behaviour of different ILP learning systems based
on ij-determination restriction. However, in the available literature, some slightly
different interpretations are associated with this concept as well as to concepts
which subsidize the definition of ij-determination.

In this work we present and discuss some interpretations given to ij-determination
and associated concepts attempting to reach an agreement among them, aiming
an unified approach. ‘
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1 Introduction

The concept of ij-determination is used in Inductive Logic Programming — ILP — in
order to restrict the hypotheses language, which is done through limiting the introduc-
tion of new terms in the body of the clause being constructed. In the available literature
related to ij-determination it can be evidenced some slightly different interpretations

associated with this concept. This happens as well to concepts which subsidize the
definition of ij-determination.

The main concern in this work is to present, discuss and analyse the different interpre-
tations given to ij-determination and associated concepts, trying to evidence what each
of them mean when used as a bias for restricting the hypotheses language in a frame-
work of inductive logic programming. Underneath this discussion there is the intention

of attempting to reach an agreement among the different interpretations, aiming an
unified approach.

This work is organized as follows: Section 2 formulates the task of empirical, single
predicate learning in ILP. Section 3 discusses ij-determination restriction for function-
free ordered clauses. Section 4 treats the same restriction but for ordered Horn clauses
with function symbols, discussing several problems related to ij-determination and sug-
gesting possible modifications. Our conclusions are presented in Section 5.

2 Learning in Inductive Logic Programming

The task of empirical, single predicate learning in ILP can be formulated as follows
[Lavraé 92] [Muggleton 91]

Given

¢ a set of training examples £ described in a language Lg and consisting of

— positive examples, £+

— negative examples, £~
of an unknown predicate p — target relation

e a description language L, specifying syntatic restrictions on the definition of
predicate p

e background knowledge B, described in language Lg, defining predicates ¢; (other
than p) which may be used in the definition of p and which provide additional
information about the arguments of the examples of predicate p

e amatching operator between Lg and L with respect to (wrt) L that determines
whether an example is covered by a clause expressed in L¢

Find



e a definition X for p, expressed in L¢, such that

- M is complete, i.e., BAH | £*,
— M is consistent ,i.e., BAH | £~

with respect to the examples

The complexity of a learning task depends on the expressiveness of the hypotheses
language L¢ [Nicoletti 93]. Therefore, to reduce this complexity, various restrictions
can be applied to the language itself and to clauses expressed in L¢. In practice, ILP
systems work within various syntactic and semantic restrictions in order to limit the
complexity of a learning problem. The most used restriction employed by ILP systems is
the one which confines the expression of a concept to ordered Horn clauses only. In this
work, restricting hypotheses language is meant to be restricting ordered Horn clauses,
which will be approached considering functions-free and not function-free ordered Horn
clauses.

Definition 2.1 A Horn clause is ordered if there ezists a total ordering over the literals
in the body of the clause.

3 Function-free Hypotheses Language

Assuming a function-free hypotheses language L¢, the next concepts can be used to
restrict the learned hypotheses — function-free Horn clauses — expressed in Lc.

Definition 3.1 A clause is function-free if it has no function symbols.

Definition 3.2 (input and output variables) [Cohen 93] If A — Ly,...,L;_y,L;,..., Ly,
is an ordered Horn clause, then the input variables of the literal L; are those variables
appearing in L; which also appear in the clause A — Lq,...,L;_q; all other variables
appearing in L; are called output variables.

Table 1 gives some examples of input and output variables of literals in a clause.

3.1 Depth of Variables and Clauses

Some ILP systems restrict the hypotheses language by only allowing Horn clauses with
variables up to a certain given depth. It follows two equivalent definitions of depth of
variables in a Horn clause.

Definition 3.3 (depth of variable) [Cohen 93] Let the clause

A~ LI,LZ,'-',Li,""Lm



A L, L; L L

piX). X3) ~ ] 9{X). X3).
l= X, and X,

p(X1,X3) = | 9(X1,X3), p(Xs, X3), r(X3).
1= X, I=X,and Xy | 1= X,
0= X,

P(X3, X3, X3) = | g(X1. %1, 23). [ r(X2.Y2,25), | #(X3.Y2.22). | #(22.23.21). ]
I=X, I=Xand 23 | I1=X3andY, | 1 = 2Z; and 23
O=YyandZ; {O=Y; 0=2, O0=2,

p(xleQ) - QLXhYl)- 7(21022)' ‘(2).X2,ZL L(erz_z'w)
I=J\'1 I=Z,AndX3 l=ZandZ;
0=Y, O0=2,andZ22 {0=2 O=WwW

Table 1: Input/Output Variables of Literals in a Clause

Variables appearing in the head of a clause have depth zero. Otherwise, let L; be the first
literal containing the variable V and let d be the mazimal depth of the input variables
of L;; then the depth of V isd + 1.

Definition 3.4 (depth of variable) [Lavrac 94] Let the clause
p(XlaA'?v"’Xn) — L],L2,---,L,’,-..,Lm

The variables X,...,X, that appear in the head of the clause have depth zero.

Let V be a variable appearing for the first time in literal L;. Let d be the marimum
depth of any of the other variables in L; that appear in the clause

p(-Xl»X2"--,Xn)‘_' LI’L27--'sLi-]
Then the depth of variable V isd + 1.

The following example justifies the need for extending Definition 3.3 and Definition 3.4,
in order to deal with the situation of a literal without any input variable.

Example 3.1 Let the clause
p(X,Y) — q1(X,2),q2(X1,Y1),¢q3(X1,Z)

In this clause the variables X1 and Y1 appear for the first time in literal ¢2(X1,Y1).
Since there are no variables in ¢2(X1,Y1) which have previously appeared in p(X,Y) —
q1(X,Z) (i.e. ¢2(X1,Y1) has no input variables), according to both original definitions,
depth(X1) and depth(Y1) will be undefined.

Still related to the two previous definitions of depth of variables, it is important to
notice that top-down ILP systems would not especialize a clause adding to it a literal



with no input variables — those variables would be unbound at that point of the clause
construction and consequently, useless to the system [Lavrat 93). However, a bottom-
up ILP system could eventually construct a clause having a literal without any input
variables, like the literal g2(X1,Y 1) in Example 3.1. A suggestion to avoid this problem
is to add to Definition 3.3 the following

If a literal has no input variables, all variables appearing in the literal have depth 1

and to Definition 3.4

If any other variable of L; does not appear in the clause
p(X],Xg,...,X") — L),Lg,...,L,‘-]

then depth of V is 1

Definition 3.5 The depth of a clause is the mazimal depth of any variable in the
clause.

Table 2 shows some examples of depth of variables and clauses.

clause X Xo | XatWh Yo | 2y | Z2 | Z3 | depth of clause
(X1, X2) —  g(Xy,X2). 0 0 [}
1 »(X1,X2) - q(X1,X3),
p(X3,X2),
r(X2). 0 0 1 1
p(X1,X2,X3) ~  o(X1,1,23),
r(X2,Y2, Z3),
8(X3,Y2,22),
(2,,23,2,). 0 0 0 1 2 4 3 1 4
p(X1, X2, X3}~ q(}1.2X2),
r(X3,2:,X2,11),
‘(Y2vxlv23)|
-~ Y2,23,23,2,). 0 0 0 1 1 2 3 1 3
P(X],XZ.XG) - q(x].zl‘)‘
T(ZQ,Xg,Y]),
s(Y1,Z1. X)),
t(x2lzlrz2yyz)1
u(z;.Y],Yg,Za). 0 0 1] 2 4 3 1 5 5
p(X1,X2,X3) ~— ¢()1,X2,12),
r(A”vZ3|),1'ZQ)‘
a(X;;,Z;). (4] 0 0 1 1 1 3 2 3

Table 2: Depth of Variables and Clauses

The dependencies among variables established by their depths impose a partial ordering
over the literals within the clause, as illustrated in Figures 1 and 2.

3.2 ij-Determination

By imposing a limit on the maximum variable depth #, the syntatic complexity of
clauses expressed in function-free hypotheses languages can be restricted. The following
definition of determination, has been adapted to the case of function-free clauses.



(Y?2,23,22,21) & depth = 3
TR

[

r(X3,Z1,X2,Y1) < depth = 2

q(Y1,X2) s(Y2,X1,23) < depth =1

p(X1,X2,X3) < depth = 0

Figure 1: Partial Ordering Imposed by Depth of Variables in p(X1,X2,X3) ~
q(X1,X2),s8(Y2,X1,23),7(X3,21,X2,Y1),4(X2,23,22,21)

Definition 3.8 (determination) [Dieroski 92]

o a predicate definition is determinate if all of its clauses are determinate
o a clause is determinate if each of its literals is determinate

e a literal in a clause is determinate if each of its variables that do not appear in
preceding literals has only one possible binding given the bindings of its variables
that appear in preceding literals.

Definition 3.7 (i-determination) [Lavraé 94] The determination restriction is called
i-determination for a given mazimum variable depth i.

Definition 3.8 (ij-determination) [Lavraé 94] Let j be an integer constant so that only
the class of ILP problems where all predicates in the background knowledge K are of
arity at most j will be considered (j is known as arity bound). Given the arity bound j
then i-determination tmplies ij-determination.

The following definition is equivalent to Definition 3.8.

Definition 3.9 (ij-determination) [Cohen 93] A determinate clause of depth bounded
by a constant i over a ground background theory K € j-K° is called ij-determinate.

It should be noted that in a function-free hypotheses language restricted to ordered
Horn clauses, restricting the learning task to learning ij-determinate clauses is a syn-
onym for construction Horn clauses where ‘

3j-K set of ground unit clauses of arity j or less, for some fixed j.



w(Z1,Y1,Y2,23) < depth = 5
41t
|

1(X2,21,22,Y2) < depth=4

s(Y1,21,X1) < depth = 3

r(22,X3,Y1) <« depth=2

Lt r
¥

[

¢(X1,22) <« depth = 1

—

p(X1,X2,X3) < depth =0

Figure 2: Partial Ordering Imposed by Depth of Variables in p(X1,X2,X3) «
q(X1,22),r(22,X3,Y1),s(Y1,21,X1),8(X2,21,22,Y2),u(Z1,Y1,Y2,Z3)

e the maximum variable depth is not greater than ¢

e the maximum arity of predicates given as background knowledge is not greater
than j

4 Hypotheses Language with Function Symbols

Hypotheses language with function symbols allows the definition of terms other than
just variables and constants and gives rise to the definition of determinate term. This
concept is latter used to define ij-determination for hypotheses languages with function
symbols.

4.1 Determinate Term

We shall discuss next two definitions of determinate term found in the literature as well
as point out some problems related to them and suggest possible modifications.

Definition 4.1 (determinate term) [Muggleton 90] Let



o K be a logic program
o £ be a setl of examples given as ground atoms
e A—Ly,...,Ly,Ljn41,...,Ln be an ordered Horn clause

o t be a term found in L, 44
The term t is a determinate term wrt L,,41 iff for every substitution 6 such that

o ABe &
o {Li,Lay...,Ln}8 C M(K)

there is a unique atom L, 106 € M(K), i.e., for any such 8 there is a unique valid
ground substitution 6 whose domain is the variables in t.

Notice that the valid substitutions for a determinate term t in any literal L,,4, are
a function of the substitutions applied to a certain number of other terms s;,...,s4
within L,,41. In this case we say that literal L, 4, has degree d with respect to t. We
can define a restricted hypotheses language by placing a limit j on the maximum degree
of any literal with respect to any term. Again we can define a restricted hypotheses
language by placing a limit ¢ on the maximum depth of any literal® in an hypothesized
clause [Muggleton 90).

There are some points to consider regarding Definition 4.1. One of them is that nothing
has been stated how the “determination of a term” should be examined. Should the
criteria of determination of a term be applied to terms in the literals in a left-to-
right order of their appearance in the literal? Or should it be applied to terms within
L1 disregarding its position and disregarding the examination of any previous term?
According to Definition 4.1, the pre-requisites for a term t be determinate wrt a literal
L,.41 is that for every substitution 6 such that

e A€ ¢
L4 {L13L2s~"$Lm} CM(K:)

there is a unique atom L4186 € M(K), i.e., for any such @ there is a unique valid
ground substitution 6 whose domain is the variables in . Some situations to consider
are discussed next.

o When the term t in literal Ly, has some variables which also appear in other
terms in any previous literals of the clause then, since one of the pre-conditions
states that the substitution @ should be such that {L;, Ly,..., Ly} C M(K), the
domain of 6 should be a subset of variables in t instead of the variables in t. In
other words, the domain of é should be the unbound variables in ¢

*In [Muggleton 90} the concept of depth of a literal is not formally defined; it is introduced through
examples considering as terms only variables.



o If the variables which appear in ¢ also appear in other terms of Ly, 41, Definition

4.1 does not state clearly which substitution should be applied to those variables:
0 or & (see Example 4.1)

o Clearly some 8 which verify the conditions A8 € £ and {L,,Lz,...,Lm} C M(K)
can specify only variables already in {L;,L;,...,Lm}. So, how to verify if
L4106 € M(K)if 6 only applies to variables in t and L,,4; has other terms
with variables which do not appear neither in ¢t nor in Ly,L2,...,L,,?

One way of dealing with this situation is considering 6 as an eztended 6, so to
include variables of L, 41 (except those that appear in t). That could be implicitly
stated in the definition by stating a unique ground atom Lp,4,606. By saying so,
the definition would implicitly be stating that the substitution # would have in
its domain the variables of L,,4) (except those which appear in t) in order to
obtain a ground atom. If such an eztention of 6 cannot be considered, evéntually
there will be variables left in L4 (others that those in t), after applying 6. In
this case there is no way of saying anything about the uniqueness of é, which is
what matters for a term be determinate wrt a literal (see Example 4.2)

e Another point to consider in Definition 4.1 is related to the fact of allowing (or
not) the § substitution be the empty substitution. That is the case when, after
applying 8, L, 410 € M(K); this fact obviously makes the unique é be the empty
substitution €

Example 4.1 Consider the clause
P(X,Y) — o(X),7(Y),s(M, f(M,N, X))

and supose the term f(M,N,X) should be ezamined for its determinacy wrt the literal
s(M, f(M,N,X)). It is not clearly stated which substitution should make the variable
M be ground.

Example 4.2 Consider the clause
p(X) — ¢(X,Y),7(Z, f(X,W))

where the term f(X, W) should be analysed in order to verify if it is a determinate term
wrt the literal r(Z, f(X,W)). Consider that £ = p(1) and M(K) is

¢(1,2)
r(a, f(1,3))

For 6 = {X/1,Y/2},

p(1) — ¢(1,2),7(2, f(1,W))



which verifics

1. p(X)e€
2. ¢(X,Y)d C M(K)

By definition, the substitution & should only consider W (since X has already been
substituted using 8), Z remains unbound, so r(Z, f(X,W))86 will never be in a ground
model. Now, if 6 is extended to be

8 = {X/1,Y/2,2/a)

then (1.) and (2.) are valid and for 6 = {W/3}, r(Z, f(X,W))86 € M(K). As nothing
has been said about the domain of substitution 6, each of those 8 which specify only
variables in A and Ly,L,,...,L,, could eventually be extended.

Our suggestion is to modify Definition 4.1 to take those cases into account such that
instead of having

there is a unique atom Ly, 4106 € M(K), i.e., for any such 8 there is a unique valid
ground substitution § whose domain is the variables in t.

have

there is a unique ground atom L, 4106 € M(K), i.e., for any such 6 there is at most one
valid ground substitution 6 whose domain is the variables in t.

The following example takes into account these extensions.

Example 4.3 Consider the clause
p(X,Y) — ¢(X),r(Y),s(W, f(M, X))

and let us suppose we are trying to find out if the term f(M,X) is determinate or not
with respect to s(W, f(M, X)). This clause has the form

A~ Lls L?s L3

where the term f(M,X ) appears in L3.

Paraphrasing Definition 4.1, informally we can say that to verify whether the term
f(M,X) in literal L3 is determinate with respect to that literal, the variables in the
term, namely — M, X — must have a unique binding, given the binding of terms in A,
Ly and L,. Since determination is a semantic notion it should be verified wrt ezamples
and background knowledge. Let us suppose that



I3 K
p(1,2) | ¢(1)
r(2)
8(6, £(0,1))

According to Definition 4.1, f(M,X) is determinate wrt Ly = s(W, f(M, X)) iff for
every substitution 8 such that p(X,Y )0 € € and {Ly,L2}0 C M(K'), there is a unique
atom s(W, f(M,X))06 € M(K). It should be observed that

o 6 is a substitution whose domain is the variables in f(M, X)

e in order to have p(X,Y )8 € £, X should be taken into account by the substitution
6

o in order to have s(W, f(M,X))06 € M(K), W should be taken into account by
the substitution 8

Let the substitution 8 = {X[1,Y[2,W/6}. We have

1 p(X,Y)8 =p(1,2) € €
2. L6 = ¢(1) C M(K)

3. L8 = r(2) C M(K) and
4. L38 = (6, f(M,1))

then, for 6 = {X/1,Y/2,W/6} there erists a unique ground substitution § = {M [0},
such that s(W, f(M, X))06 € M(K) so the term f(M,X) is determinate wrt Lj.

If for instance the ezamples and background knowledge were

£ K
p(1,2) | ¢(1)
r(2)
s(6,£(0,1))
5(6,f(2,1))

then the term f(M, X)) would not be determinate wrt L3, since for the same 8 as above,

there would ezist two & verifying s(W, f(M,X))86 € M(K), namely § = {M/0} and
6 ={M/2}.

Determinate term has also been defined by J.R.Quinlan as follows

Definition 4.2 (determinate term) [Quinlan 91] Let the clause

10



A—Ly,...,Ly
and supposc t is a term in L,,. Let

o {Y} be the set of variables that occur only in t and

o {Z} be the set of other variables® in the clause

Term 1 is determinate wrt Ly, if for every ground substitution for variables in {Z} there
is at most one ground substitution for variables in {Y} so that the clause is satisfied.
Intuitively, the values of variables in {Y'} are determined by the values of variables that
appear earlier in the clause.

It can be seen that this last sentence does not follow from the definition. Observe that
the values of variables in {Y} can be determined not only by the values of variables
that appear earlier in the clause, but by values of variables that appear in the same
literal as i.

Since {Z} is the set of variables that occur in the clause (except for those variables
occuring only in t), eventually variables from terms that appear latter in the literal
L,, — after t has appeared — are in the set {Z}. As there is no restriction about ¢
being the last term of the literal L,,, eventually the values of variables in {Y} can be
determined by the values of variables in terms that appear in the literal L,, after ¢t and
not only by values of variables that appear earlier in a clause, as illustrated by next
example.

Example 4.4 Let the clause
P(M,N) — q1(f(M,Q),9(M)),q2(h(M),i(R,S),5(M,T))
Considering the literal g2(h(M),i(R, S),j(M,T)), term t = i(R,S) and sets

{v}= {(R,S}
{Z}= {M,N,Q,T}

the term t is determinate wrt ¢2(h(M),i(R, S),7(M,T)) if for every ground substitution
for variables in {Z} there is at most one ground substitution for variables in {Y'} so
that the clause is satisfied. The values of variables R and S are determined by the value
of T as well, a variable which appear after t in the considered literal.

The definition of determinate term presented next is a slightly modified version of
Definition 4.2.

Definition 4.3 (determinate term) [Quinlan 91a] Let the clause

SThe set of variables that occur in other terms in the clause.

11



A - Ll’-."Ln
and suppose t 18 a term in L,. Let

o {Y} be the set of variables that occur for the first time int and

o {Z} be the set of variables that occur earlier in the clause

Term t is determinate wrt L, if for every ground substitution for variables in {Z}, there
is at most one ground substitution for variables in {Y'} so that the clause is satisfied.
Intuitively, the values of variables in {Y'} are determined by the values of variables that
appear earlier in the clause.

In this definition, the literal considered is not necessarily the last and the set {Z} is
considered as the set of variables that occur earlier than t in the clause. Nevertheless
the problem evidenced through Example 4.4 still remains.

4.2 ij-Determination

Combining the parameters of depth of literals — informally defined through exam-
ples — and degree of literals and using as basis Definition 4.1, the following definition
for restricting the hypotheses language is stated

Definition 4.4 (ij-determination) [Muggleton 90] Let K be a logic program and the
ezamples £ be a set of ground facts.

1. Every unit clause is (j-determinate
2. An ordered clause A — Ly,...,Lyp,Lyms1,...,Ln is ij-determinate iff

(a) A< Ly,...,Ly, is (i-1)j-determinate

(b) every literal Ly in Lypyy,...,Ly contains only determinate terms and has
degree at most j.

Although in the previous definition j is related to the maximum degree of literals
in a clause, some authors have given another interpretation to this parameter. In
[Rouveirol 92} it can be found that

ij-determination uses the property that for some predicates in the body of the generalized
clause, given one tinstantiation of their input arguments, there is only one possible
instantiation of their output arguments. ij-determination also includes a bound on the
depth of ezistential quantification for a variable and a bound on the number of literals
needed for one literal in the body of the generalized clause to be determined.

In the above statement the parameter jis associated with the number of literals (sat-
isfying a certain condition) and not with the maximum degree of literals.

12



4.3 Another Notion of Depth and the Notion of Level of a Term
The notion of depth of term introduced in [Muggleton 93] is an entirely different notion

than those introduced by earlier definitions of depth, in the sense that it does not
consider a term as part of a literal which in turn is part of a clause.

Definition 4.5 (depth of term) [Muggleton 93] The depth

e d(V) of a variable V 150
e d(c) of a constant c is 1

o d(f(l1,...,tp)) of a term f(1;,...,1n) is 1 + maz d(t;)

Limiting the depth of terms in hypotheses to 1 corresponds to working with function
free clauses. This definition of depth of term treats a term on its own, which means, it
does not consider a term as part of a literal which in turn is part of a clause.

Example 4.5 Considering the term
f(a(X,Y),h(i(M,X,N),K),j(r(s(K)),M),0)
its depth is given by

d(f(g(X,Y),h(i(M,X,N),K),j(r(s(K)),M),0)) =
1+ maz(d(g(X,Y)),d(h(i(M, X, N), K, L)),d(j(r(s(K)), M)),d(0))) =
1+ maz(1,3,3) =4

since

d(g(X,Y)) =1+ maex(d(X),d(Y))=14+0=1

d(h(i(M,X,N),K, L)) =1+ maz(d(h(i(M,X,N)),d(K),d(L)) =

1+ maz(1 + maz(d(i(M,X,N))),0,0)) = 1+ maz(1 + (1 + maz(0,0,0)),0,0)) =
14+ maz(1+1,0,0)=3

d(j(r(s(K)),M)) = 1+ maz(d(r(s(K))),d(M)) = 14+ maz(l + maz(d(s(K))),0) =
14 maz(l1+1,0)=3

A pictorial representation of level of the term considered in Example 4.5 is shown in
Figure 4.6.

It is important to note that there are two distinct approaches to depth of term in
the literature. The first one, given by Definition 3.3 and 3.4, restricted to variables,
takes into account the first occurence of the variable in the clause. The second one,
given by Definition 4.5 defines depth of a term by only taking into consideration the
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f(g(X,Y),h(§(M,X,N),K),j(r(s(K)),M),0) <« Depth 4
] ] |

j(r(vs(ﬁ')).M) <« Depth 3

h(i(M,X,N),K) r(s(K)) <« Depth 2

9(X,Y) i(M,X,N) s(K) < Depth 1
U145

Y M Xx N K O < Depth 0

Figure 3: Depth of Term

term. Although having the same name, the concept of depth of term as established in
Definition 3.3 and 3.4% has an entirely different meaning than the one established in
Definition 4.5.

Muggleton defines level of a term as follows

Definition 4.8 (level of a term) [Muggleton 93] The level I(t) of a term t in a clause
C is 0 if t occurs as an argument in the head of C; and 1 + min l(s) where s and t
occur as arguments in the same literal of C

The definition of level of a term does not impose any order among the terms in a literal
for evaluating their level. For example, considering the clause

(X1, X2, Xa) — ¢(X1, 23, 2Z,)

If we choose to evaluate the level of term Z;, which is defined as 1 + min I(s) where
s € {X1,2,,2,}, then I(Z;) is undefined. However, if level of Z, is evaluated first, then
(Z1)=1U(Z2) =1

We suggest the following two conditions to be added

1. consider the order given by the order of appearance of the literals in the clause
as well as the terms in the literal

2. s and t occur as arguments in the same literal of C and s has occured in any
previous literal

®Even being restricted to variables.
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If these two conditions are considered and the chosen operation is mar instead of min,

then depth of variables (Definitions 3.4 and 3.3) will be a particular case of level of a
term.

Furthermore, in [Muggleton 93] it is found the following comment

The level of a term corresponds to Muggleton and Feng's ¢ parameter and
De Raedt’s level of existential quantification

although the ¢ parameter is defined in [Muggleton 90] as depth. If the definition of level
corresponds to the i parameter, there is some mismatch because we do not believe that
the depth of term as proposed in Definition 4.5 can be mapped into the j parameter
so to justify the following statement (related to the ILP system GOLEM) found in
[Muggleton 93] as well

Both the level and depth of terms are frequently employed by ILP learners
to define language restrictions. The two notions are especially important
in the context of specific to general ILP systems such as ITOU, GOLEM,
CLINT and PGA.

5 Conclusions

In this work we have discussed some basic concepts which support the definition of ij-
determination restriction on Horn clauses as well the ij-determination concept itself, for
function-free hypotheses languages and for hypotheses languages with function symbols.

It has been evidenced that for hypotheses languages without function symbols there
is an agreement in the literature about ij-determination restriction. Still, the exten-
sion of the ij-determination concept for hypotheses languages with function symbols
gives rise to different interpretations, which were presented and discussed. Some suges-
tions, attempting to reach an agreement among those interpretations aiming an unified
approach, are also presented.
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