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Summary. In this chapter, a formalism for a specific temporal data mining task
(the discovery of rules, inferred from databases of events having a temporal dimen-
sion), is defined. The proposed theoretical framework, based on first-order temporal
logic, allows the definition of the main notions (event, temporal rule, confidence) in
a formal way. This formalism is then extended to include the notion of temporal
granularity and a detailed study is made to investigate the formal relationships be-
tween the support measures of the same event in linear time structures with different
granularities. Finally, based on the concept of consistency, a strong result concern-
ing the independence of the confidence measure for a temporal rule, over the worlds
with different granularities, is proved.

1 Introduction

The domain of temporal data mining focuses on the discovery of causal rela-
tionships among events that are ordered in time and may be causally related.
The contributions in this domain encompass the discovery of temporal rule,
of sequences and of patterns. However, in many respects this is just a termi-
nological heterogeneity among researchers that are, nevertheless, addressing
the same problem, albeit from different starting points and domains.
Although there is a rich bibliography concerning the formalism for tem-
poral databases, there are very few articles on this topic for temporal data
mining. In [1, 5, 21] general frameworks for temporal mining are proposed,
but usually the researches on causal and temporal rules are more concentrated
on the methodological /algorithmic aspect, and less on the theoretical aspect.
Based on a methodology for temporal rule extraction, described in [9], we
proposed in [10, 11] an innovative formalism based on first-order temporal
logic, which permits an abstract view on temporal rules. An important con-
cept defined in this formalism is the property of consistency, which guarantees
the preserving over time of the confidence/support of a temporal rule. The
formalism is developed around a time model for which the events are those
that describe system evolution (event-based temporal logic). Each formula
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expresses what the system does at each event, events are referring to other
events, and so on: this results in specifying relationships of precedence and
cause-effect among events. But the real systems are systems whose compo-
nents (events) have dynamic behavior regulated by very different — even by
orders of magnitude — time granularities. Analyzing such systems (hereinafter
granular systems) means to approach theories, methodologies, techniques and
tools that make use of granules (or groups, classes, clusters of a universe) in
the process of problem solving. Granular computing (the label which covers
this approach) is a way of thinking that relies on our ability to perceive the real
world under various grain sizes, to abstract and to consider only those things
that serve our present interest, and to switch among different granularities.
By focusing on different levels of granularities, one can obtain various levels
of knowledge, as well as inherent knowledge structure. Granular computing is
essential to human problem solving, and hence has a very significant impact
on the design and implementation of intelligent systems [28, 27, 29, 20].

2 State of Art

The notions of granularity and abstraction are used in many subfields of artifi-
cial intelligence. The granulation of time and space leads naturally to temporal
and spatial granularities. They play an important role in temporal and spatial
reasoning [13, 18, 26]. Based on granularity and abstraction, many authors
studied some fundamental topics of artificial intelligence, such as knowledge
representation [30], theorem proving [15], search [31], planning [19], natural
language understanding [22], intelligent tutoring systems [23], machine learn-
ing [25], and data mining [16].

Despite the widespread recognition of its relevance in the fields of formal
specifications, knowledge representation and temporal databases, there is a
lack of a systematic framework for time granularity. Hobbs [17] proposed
a formal characterization of the general notion of granularity, but gives no
special attention to time granularity. Clifford et al. [8] provide a set-theoretic
formalization of time granularity, but they do not attempt to relate the truth
value of assertions to time granularity. Extensions to existing languages for
formal specifications, knowledge representation and temporal databases that
support a limited concept of time granularity are proposed in [24, 14, 7].
Finally, Bettini et al. [2, 4] provide a formal framework for expressing data
mining tasks involving time granularities, investigate the formal relationships
among event structures that have temporal constraints, define the pattern-
discovery problem with these structures and study effective algorithms to
solve it.

The purpose of this chapter is to extend our formalism to include the
concept of time granularity. We define the process by which a given structure
of time granules u (called temporal type) induces a first-order linear time
structure M, (called granular world) on the basic (or absolute) linear time
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structure M. The major change for the temporal logic based on M, is at the
semantic level: for a formula p, the interpretation does not assign a meaning
of truth (one of the values {true, false}), but a degree of truth (a real value
from [0, 1]). Consequently, we can give an answer to the following question: if
the temporal type p is finer than temporal type v, what is the relationship
between the support of the same temporal rule 7}, in the linear time structures
M,, and M,,. We also study the variation process for the set of satisfiable events
(degree of truth equal one) during the transition between two time structures
with different granularity. By an extension at the syntactic and semantic level
we are able to define an aggregation mechanism for events, reflecting the
following intuitive phenomenon: in a coarser world, not all events inherited
from a finer world are satisfied, but in exchange there are new events which
become satisfiable. Finally, using an extension of the concept of consistency
for a granular time structure M), we prove a strong result concerning the
invariance of the confidence measure for a temporal rule during the process
of information transfer between worlds with different granularities.

The rest of the chapter is structured as follows. In the next section, the
first-order temporal logic formalism is extensively described (the main terms
and concepts). The definitions and theorems concerning the extension of the
formalism towards a temporal granular logic are presented in Sect. 4. Finally,
the last section summarizes our work, followed by an appendix containing the
proofs of the theorems in the chapter.

3 Formalism of Temporal Rules

Time is ubiquitous in information systems, but the mode of representa-
tion/perception varies in function of the purpose of the analysis [6, 12]. Firstly,
there is a choice of a temporal ontology, which can be based either on time
points (instants) or on intervals (periods). Secondly, time may have a discrete
or a continuous structure. Finally, there is a choice of linear vs. nonlinear time
(e.g. acyclic graph). Our selection, imposed by the discrete representation of
all databases, is a temporal domain represented by linearly ordered discrete
instants.

Databases being first-order structures, the first-order logic represents a
natural formalism for their description. Consequently, the first-order tempo-
ral logic expresses the formalism of temporal databases. For the purpose of our
approach we consider a restricted first-order temporal language L which con-
tains only constant symbols {¢, d, ..}, n-ary (n > 1) function symbols {f, g, ..},
variable symbols {y1, y2, ...}, n-ary predicate symbols (n > 1, so no proposition
symbols), the set of relational symbols {=, <, <, >, >}, the logical connective
A and a temporal connective of the form Vi, k € Z, where k strictly positive
means after k time instants, k strictly negative means before k time instant
and k£ = 0 means now.
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The syntax of L defines terms, atomic formulae and compound formulae.
The terms of L are defined inductively by the following rules:

T1. Each constant is a term.

T2. Each variable is a term.

T3. Ifty,to,...,t, are terms and f is an n-ary function symbol then f(t1,...,,)
is a term.

The atomic formulae (or atoms) of L are defined by the following rules:

Al. Iftq,...,t, are terms and P is an n-ary predicate symbol then P(t1,...,t,)
is an atom.

A2. If t1, to are terms and p is a relational symbol then ¢ p 5 is an atom (also
called relational atom).

Finally, the (compound) formulae of L are defined inductively as follow:

F1. Each atomic formula is a formula.
F2. If p, ¢ are formulae then (p A q), Vip are formulae.

A Horn clause is a formula of the form By A --- A B, — B,,4+1 where
each B; is a positive (non-negated) atom. The atoms B;, ¢ = 1,...,m are
called implication clauses, whereas B,,+1 is known as the implicated clause.
Syntactically, we cannot express Horn clauses in our language L because the
logical connective — is not included. However, to allow the description of rules,
which formally look like a Horn clause, we introduce a new logical connective,
—, representing practically a rewrite of the connective A. Therefore, a formula
in L of the form p — ¢ is syntactically equivalent to the formula p A q. When
and under what conditions we may use the new connective, is explained in
the next definitions.

Definition 1. An event (or temporal atom) is an atom formed by the predicate
symbol E followed by a bracketed n-tuple of terms (n > 1) E(t1,ta,...,tn).
The first term of the tuple, t1, is a constant symbol representing the name
of the event and all others terms are expressed according to the rule t; =
f(tin, ... tik,). A short temporal atom (or the event’s head) is the atom E(ty).

Definition 2. A constraint formula for the event E(t1,ts,...tn) is a con-
Junctive compound formula, E(t1,ta,...t,) NACit ACa A--- A Cy. Each C; is
a relational atom tp c, where the first term t is one of the termst;, 1 =1...n
and the second term is a constant symbol.

For a short temporal atom FE(t), the only constraint formula that is permitted
is E(t1) A (t1 = ¢). We denote such constraint formula as short constraint
formula.

Definition 3. A temporal rule is a formula of the form Hy A --- N Hp, —
H,y1, where Hy,11 is a short constraint formula and H;,i = 1..m are con-
straint formulae, prefived by the temporal connectives V_y, k > 0. The maz-
imum value of the index k is called the time window of the temporal Tule.
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Remark. The reason for which we did not permit the expression of the
implication connective in our language is related to the truth table for a
formula p — ¢: even if p is false, the formula is still true, which is unacceptable
for a temporal rationing of the form cause— effect.

If we change in Definition 1 the conditions imposed on the terms ¢;,i =
1...n, into "each term ¢; is a variable symbol”, we obtain the definition
of a temporal atom template. We denote such a template as E(y1,...,yn).
Following the same rationing, a constraint formula template for E(y1, ..., yn)
is defined as a conjunctive compound formula, C; A Co A - - - A Cf, where the
first term of each relational atom C; is one of the variables y;, i = 1...n.
Consequently, a short constraint formula template is the relational atom y; =
c. Finally, by replacing in Definition 3 the notion “constraint formula” with
“constraint formula template” we obtain the definition of a temporal rule
template. Practically, the only formulae constructed in L are temporal atoms,
constraint formulae, temporal rules and the corresponding templates.

The semantics of L is provided by an interpretation I over a domain D
(in our formalism, D is always a linearly ordered domain). The interpretation
assigns an appropriate meaning over D to the (non-logical) symbols of L.
Usually, the domain D is imposed during the discretisation phase, which is a
pre-processing phase used in almost all knowledge extraction methodologies.
Based on Definition 1, an event can be seen as a labelled (constant symbol ¢1)
sequence of points extracted from raw data and characterized by a finite set of
features (terms ¢, - - - ,ty,). Consequently, the domain D is the union D, U Dy,
where the set D, contains all the strings used as event names and the set Dy
represents the union of all domains corresponding to chosen features.

Ezxample 1. Consider a database containing daily price variations of a given
stock. Suppose that a particular methodology for event detection was ap-
plied, which revealed three types of events (shape patterns in this case),
potentially useful for a final user. Each event is labelled with one of the
strings from the set {peak, flat,valley} and is characterized by two fea-
tures, f1 and fo, representing the output of the statistical functions mean
and standard error. These statistics are calculated using daily prices, sup-
posed to be subsequences of length w = 12. In the frame of our formalism
the language L will include a 3-ary predicate symbol E, three variable sym-
bols y;,7 = 1..3, two 12-ary function symbols f and g, two sets of constant
symbols — {dy,...,d3} and {c1,...,c,} — and the usual set of relational sym-
bols and logical(temporal) connectives. Consequently, a temporal atom in
L is defined as E(d;, f(¢jys---»Cj15)s 9(Chys - - -5 Chyp)), Whereas an event tem-
plate is defined as E(y1,ys2,ys). Finally, the domain D is the union of the set
D, = {peak, flat,valley} and of the set Dy = R (as the stock prices are
positives real numbers and the features are statistical functions).

To define a first-order linear temporal logic based on L, we need a structure
having a temporal dimension and capable to capture the relationship between
a time moment and the interpretation I at this moment.



6 Paul Cotofrei and Kilian Stoffel

Definition 4. Given L and a domain D, a (first order) linear time structure
is a triple M = (S,z,I), where S is a set of states, x : N — S is an infinite
sequence of states (s1,82,...,5n,...) and I is a function that associates with
each state s an interpretation I of all symbols from L.

In the framework of linear temporal logic, the set of symbols is divided
into two classes, the class of global symbols and the class of local symbols.
Intuitively, a global symbol w has the same interpretation in each state, i.e.
Ii(w) = Iy (w) = I(w), for all s,s" € S; the interpretation of a local symbol
may vary, depending on the state at which is evaluated. The formalism of
temporal rules assumes that all function symbols (including constants) and
all relational symbols are global, whereas the predicate symbols and variable
symbols are local. Consequently, as the temporal atoms, constraint formulae,
temporal rules and the corresponding templates are expressed using the pred-
icate symbol E or the variable symbols y;, the meaning of truth for these
formulae depend on the state at which they are evaluated. Given a first order
time structure M and a formula p, we denote the instant 4 (or equivalently, the
state s;) for which I, (p) = true by ¢ = p, i.e. at time instant 4 the formula
p is true. Therefore, i = E(ty,...,t,) means that at time ¢ an event with the
name I(t;) and characterized by the global features I(ts),...,I(t,) occurs.
Concerning the event template E(y1,...,y,), the interpretation of the vari-
able symbols y; at the state s;, I, (y;), is chosen such that i = E(y1,...,yn)
for each time moment i. Because

e iEpAgifandonlyifik=qandil=q, and
e iE=Vipifandonlyifi+ k= p,

a constraint formula (template) is true at time ¢ if and only if all relational
atoms are true at time ¢ and ¢ = FE(t1,...,t,), whereas a temporal rule
(template) is true at time ¢ if and only if ¢ | Hyqq and 4 = (Hy A+ A Hy,).

Remark. The fact that the symbols of language L are divided into two
sets (local and global), according to the persistence of their interpretation
along the infinite sequence of states si,ss2,..., is the main reason for the
introduction of the notion of template. Consider, as example, the temporal
atom FE(t1,tq,t3) and its corresponding template E(y1,y2,ys3). In our vision,
the event template is a kind of event pattern and because there is a real
event which matches the pattern (an event with name I(¢1) and features I(t5)
and I(t3)), the interpretation of the template must be true at each moment.
For this reason we imposed the condition that the interpretation of variable
symbols must be chosen such that i = E(y1,y2,ys) for each time moment .
On the other hand, we expect that in the real word, an event occurs only at
certain moments, i.e. the interpretation of the event is evaluated true only at
these moments. Because the terms ¢;, i = 1..3 are global symbols (as constant
symbols and function symbols) and I(E(t1,te,t3)) = [(E)(I(t1), I(t2), I(t3)),
the only way to achieve the variability in time for the event interpretation is
to include the predicate symbol E in the set of local symbols.
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Ezample 2. The database of events, obtained after applying the specific method-
ology for event detection (see Example 1), contains tuples with three values,
(v1,va,v3). For a tuple with a recording index 4, the first value expresses the
name of the event — peak, flat, valley — which occurs at time moment ¢ and the
two other values express the values of the two characterizing features. There-
fore, to define a linear time structure M = (5, z,I), we may consider a state s
as a triple (vq, ve, v3), the set S as the set of all tuples from the database and
the sequence x as the ordered sequence of tuples in database (see Table 1).

Table 1. The first eighteen states of the linear time structure M (example)

Index State Index State Index State

1 (peak,11.2,3.91) 7 (peak,9.15,4.03) 13 (flat,7.14,0.89)
(peak,10.5,4.87) 8 (peak,11.52,3.91) 14 (peak,10.31,4.42)
(peak,14.03,4.23) 9 (flat,1.5,1.81) 15 (peak,12.8,5.26)
(flat,4.75,1.42) 10 (valley,3.08,1.84) 16 (flat,3.13,1.44)
( ( (
( ( (

peak,9.49,3.18) 11 (valley,2.72,1.58) 17 (flat,5.08,1.12)
valley,2.21,1.12) 12 (valley,4.42,2.91) 18 (walley,3.31,3.20)

S T W N

At this stage the interpretation of all symbols (global and local symbols) can
be defined. For the global symbols (function symbols and relational symbols),
the interpretation is quite intuitive. Therefore, the meaning I(d;) is an element
of D, the meaning I(c;), j = 1..n, is a positive real number, whereas the
meaning I(f), respectively I(g), is the function f : Di* — Dy, f(x) = X,
respectively the function ¢ : D}Q — Dy, g(x) = se(x) — we used the standard
notations in statistics for the mean and standard error estimators.

The interpretation of a local symbol (the variable symbols y; and the
predicate symbol E) depends on the state at which is evaluated. For this
example suppose that the function I, (E) defined on D?® with values in B =
{true, false} is provided by a finite algorithm. This algorithm will receive at
input at least the state s; and will provide at output one of the values from
B. Therefore, the interpretation of E(ty,ts,t3) evaluated at s; is defined as:

Algorithm 1 Temporal atom evaluation

Consider the state s; = (v1,va,v3)

If (L, (t1) = v1) and (I, (t2) = v2) and (L, (t3) = v3)
Then I, (E(t1,t2,t3)) = true
Else I, (E(t1,t,t3)) = false

Finally, the interpretation of the variable symbol y; at the state s; is
given by I, (y;) = vj,j = 1..3, which satisfies the condition imposed to the
interpretation of temporal atom template, which is I, E(y1,y2,ys) = true
for each state s;. Having well-defined the language L, the syntax and the
semantics of L, as well as the linear time structure M, we can construct the
temporal atoms evaluated as true at time moment ¢ (see Table 2).
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Table 2. The temporal atoms evaluated true at the states ss, s4 and s19 of M
(example)

State Temporal atom

2 E(peak, f(3,5,7,9,15,18,19,14,12,9,8,7), g(3,5,7,9,15,18,19,14,12,9, 8, 7))
4 E(flat7 f(37 37 47 4’ 57 67 6’ 77 77 57 4’ 3)’ 9(37 37 47 47 57 67 6’ 77 77 57 4’ 3))
10 E(valley, £(5,4,2,1,1,2,2,1,3,4,5,7), g(5,4,2,1,1,2,2,1,3,4,5,7))

3.1 Consistency

The connection between the restricted first-order temporal logic we defined
and the temporal data mining task this logic tries to formalize (temporal rules
extraction) is given by the following assumptions:

A. For each formula p in L, there is an algorithm that calculates the value of
the interpretation I4(p), for each state s, in a finite number of steps.

B. There are states (called incomplete states) that do not contain enough
information to calculate the interpretation for all formulae defined at these
states.

C. It is possible to establish a measure, (called general interpretation) about
the degree of truth of a compound formula along the entire sequence of
states (80,81, .-y Sny--.)-

The first assumption express the calculability of the interpretation I (we
already considered this assumption in Example 2). The second assumption
express the situation when only the body of a temporal rule can be evaluated
at a time moment ¢, but not the head of the rule. Therefore, for the state
s;, we cannot calculate the interpretation of the temporal rule and the only
solution is to estimate it using a general interpretation. This solution is ex-
pressed by the third assumption. (Remark: The second assumption violates
the condition about the existence of an interpretation in each state s;, as de-
fined in Definition 4. But it is well known that in data mining sometimes data
is incomplete or is missing. Therefore, we must modify this condition as " I is
a function that associates with almost each state s an interpretation I of all
symbols from L”).

However, to ensure that this general interpretation is well defined, the
linear time structure must present some property of consistency. Practically,
this means that if we take any sufficiently large subset of time instants, the
conclusions we may infer from this subset are sufficiently close from those
inferred from the entire set of time instants. Therefore,

Definition 5. Given L and a linear time structure M, we say that M is a
consistent time structure for L if, for every formula p, the limit supp(p) =
lim n~'#A exists, where # means "cardinality” and A = {i = 1.n|i = p}.

n—oo

The notation supp(p) denotes the support (of truth) of p.
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Now we define the general interpretation for an n-ary predicate symbol P as:

Definition 6. Given L and a consistent linear time structure M for L, the
general interpretation Ig for an n-ary predicate P is a function D" —
[0,1], such that, for each n-tuple of terms {t1,...,tn}, Ic(P(t1,...,tn)) =
supp(P(tla s 7tn))

The general interpretation is naturally extended to constraint formulae, tem-
poral rules and the corresponding templates. There is another useful measure,
called confidence, but available only for temporal rules (templates). This mea-
sure is calculated as a limit ratio between the number of certain applications
(time instants where both the body and the head of the rule are true) and
the number of potential applications (time instants where only the body of
the rule is true).

Definition 7. The confidence of a temporal rule (template) Hy A -+ N\ Hy, —
Hyo is the limit lim (#B) " '#A, where A = {i = 1...n|i = H A--- A

H7n/\Hm+1} andB:{z:1n|z|:H1/\/\Hm}

The relation between the property of consistency and the existence of the
confidence for a temporal rule is expressed in the following lemma.

Lemma 1. If M is a consistent linear time structure for L then every temporal
rule (template) Hy A -+ N Hp, — Hp,oq for which supp(Hy A -+ AN Hy) # 0
has a well-defined confidence.

For different reasons, (the user has not access to the entire sequence of
states, or the states he has access to are incomplete), the general interpretation
cannot be calculated. A solution is to estimate I5 using a finite linear time
structure, i.e. a model.

Definition 8. Given L and a consistent time structure M = (S,z,I), a
model for M is a structure M = (T,i‘) where T is a finite temporal domain
{i1,...,in}, T is the subsequence of states {x;,,...,x;, } (the restriction of x
to the temporal domain T) and for each ij,j = 1,...,n, the state z;; is a
complete state.

Now we may define the estimator for a general interpretation:

Definition 9. Given L and a model M for M, an estimator of the general
interpretation for an n-ary predicate P, Ienn (P), is a function D™ — [0, 1],
assigning to each atomic formula p = P(t1,...,t,) the value defined as the

A - -
ratio L, where A = {i € T'|i |= p}. The notation supp(p, M) will denote

the estimated support of p, given M.
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The extension of this definition to the other types of formulae in L demands a
deeper analysis. Consider, as example, the model M induced by the sequence
of n > 1 states £ = z1,...,2,. The interpretation of a formula Vip at the
state x,, can not be calculated, because n |= Vipif (n+1) = p, but 2, +1 & Z.
Therefore, the cardinality of the set A = {i < n|i = Vip} is strictly smaller
than n, which means that, for p a global formula having the meaning of truth
true, the estimated support is

supp(V1p, M) =(n—-1)/n#1=supp(Vip). (1)

The fact that the support estimator is biased seems at first glance without
importance, especially when, as in this case, the bias (n~!) tends to zero
for n T co. But considering a formula of type V,p, it is evidently that the
interpretation can not be calculated at none of the states from x, and so the
support estimator is not even defined. Before indicating how the expression
i;}, must be adjusted to avoid this kind of problem, we start by defining the
standard form of a formula in L.

Definition 10. A formula Vi, p1 A Vi,pa A ... AV, Dn, where n > 1 and p;
are atoms of L, is in standard form if exists ig € {1,...,n} such that k;; =0
and for alli=1..n, k; <0.

For an atomic formula p, it is clearly that its standard form is Vop. Another
example of formula in standard form is a temporal rule (template), where
the head of the rule is prefixed by Vg and all other constraint formulae are
prefixed by V_g, k > 0. It is obviously that, for M a consistent time structure,
the support of a formula does not change if it is prefixed with a temporal
connective Vi, k € Z. Therefore, to each formula p in L corresponds an
equivalent formula (under the measure supp) having a standard form (denoted
F(p)).- Based on this concept, we can now give a non equivocal definition for
time windows:

Definition 11. Let be p a formula in L having the standard form Vi, pi A
VD2 A ... AV pn. The time window of p — denoted w(p) — is defined as
max{ | k;|:i=1.n}

In the following, a formula having a time window equal zero will be called
temporal free formula, whereas a formula with a strictly positive time window
will be called a temporal formula. The concept of time window allows us to
define a non biased estimator for the support measure.

Definition 12. Given L and a model M for M, the estimator of the support
for a formula p in L and having w(p) < #T = m, denoted supp(p, M), is the
ratio

e where A= {i € T|i = F(p)}. (2)
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According to this definition, if w(p) > m then the estimator supp(p, M)
is not defined. The use of the standard form of a formula, in the construction
of the set A, eliminates the interpretation problem for a formula of type Vip,
k > m. Moreover, it is easy to see that supp(Vgp, J\Zf) = supp(p, M), for all
keZ.

Definition 13. Given L and a model M for M, an estimate of the general
interpretation for a formula p is given by

IG(M) (p) =

{supp(p, M), ifw(p) < #T, (3)

0 if w(p) > #T

Once again, the estimation of the confidence for a temporal rule (template)
is defined as:

Definition 14. Given a model M = (T, %) for M, the estimation of the con-
fidence for the temporal rule (template) Hy A -+ N Hp, +— Hp,q1 is the ratio

A - .
%, where A={ieT|iEH AN NHuyANHpp1} and B={i e T]i =
HyA---ANH,,}. The notation conf(H, M) will denote the estimated confidence
of the temporal rule (template) H given M.

According to the same arguments used in the definition of a correct support
estimator, the existence of a confidence estimator for a temporal rule H is
guaranteed only for models having a number of states greater than the time

window of the rule. Moreover, if T is the set obtained from T by deleting the
first w(Hi A...AHpy1) —w(Hy A A Hp,) states, then we can obtain a non
biased confidence estimator if in the expression of the set B = {i € T'|i |

Hy A--- A Hp,} the set T is replaced with 7.

Ezample 3. Consider the following temporal rule template T' (for the moment
we are not concerned on how it was discovered):

V_o(y1 = peak) AV _o(ya < 11) AV _1(y1 = peak) AV _1(y3 > 3) — Vo(y1 =
flat)

which may be "translated” in a natural language as:

IF at time t — 2 an event "peak” occurred with a mean less than 11 AND at
time t — 1 another event " peak” occurred with a standard error greater than 3
THEN at time ¢ an event type "flat" occurs.

If M is a consistent linear time structure for the temporal language L
defined in Example 1, then the model M given by the sequence of states
{s1,...,518} (see Table 1) can be used to estimate the confidence of the tem-
poral rule T'. If the local support for the rule is 0.125 (true at states 2 and 14,
among 17 states) and the local support for the body of the rule is 0.176 (true
at states 2, 7 and 14, among 16 states) then the estimated confidence for the
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rule, based on model M, is 0.125/0.176 = 0.71. And, due to the consistency
property, this estimation is a reliable information about the success rate for
this rule when applied on future data.

4 The Granularity Model

We start with the concept of a temporal type to formalize the notion of time
granularities, as described in [3].

Definition 15. Let (7, <) (index) be a linearly ordered temporal domain iso-
morphic to a subset of integers with the usual order relation, and let (A, <)
(absolute time) be a linearly ordered set. Then, a temporal type on (T,A) is
a mapping p from T to 22 such that

1. u(i) # 0 and pu(j) # 0, where i < j, imply that each element in p(i) is
less than all the elements in u(j), and
2. for all i < j, if p(i) # 0 and p(j) # 0, then Vk,i < k < j implies
(k) # 0
Each set u(7), if non-empty, is called a granule of p. Property (1) says that
granules do not overlap and that the order on indexes follows the order on the
corresponding granules. Property (2) disallows an empty set to be the value
of a mapping for a certain index value if a lower index and a higher index are
mapped to non-empty sets.
When considering a particular application or formal context, we can spe-
cialize this very general model along the following dimensions:

choice of the index set 7,

choice of the absolute time set A,

restrictions on the structure of granules,

restrictions on the temporal types by using relationships.

We call the resulting formalization a temporal type system. Consider some
possibilities for each of the above four dimensions. Convenient choices for the
index set are natural numbers, integers, and any finite subset of them. The
choice for absolute time is typically between dense and discrete. In general, if
the application imposes a fixed basic granularity, then a discrete absolute time
in terms of the basic granularity is probably the appropriate choice. However,
if one is interested in being able to represent arbitrary finer temporal types,
a dense absolute time is required. In both cases, specific applications could
impose left /right boundedness on the absolute time set. The structure of ticks
could be restricted in several ways:

(1) disallow types with gaps in a granule,

(2) disallow types with non-contiguous granules,

(3) disallow types whose granules do not cover all the absolute time, or

(4) disallow types with nonuniform granules (only types with granules having
the same size are allowed).
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4.1 Relationships and formal properties

Following Bettini et al. [3], we define a number of interesting relationships
among temporal types.

Definition 16. Let be p and v be temporal types on (T ,.A).

e Finer-than: u is said to be finer than v, denoted u < v, if for each i € T,
there exists j € T such that u(i) C v(j).

o Groups-into: p is said to group into v, denoted p < v, if for each non-
empty granule v(j), there is a subset S of T such that v(j) = U;cq p(7).

e Subtype: p is said to be a subtype of v, denoted p C v, if for each i € T,
there exists j € T such that p(i) = v(j).

e Shifting: u and v are said to be shifting equivalent, denoted 1 = o, if
pCvandv Cp.

When a temporal type p is finer than a temporal type v, we also say that v
is coarser than u. The finer-than relationship formalizes the notion of finer
partitions of the absolute time. By definition, this relation is reflexive, i.e. p <
u for each temporal type p. Furthermore, the finer-than relation is obviously
transitive. However, if no restrictions are given, it is not antisymmetric, and
hence it is not a partial order. Indeed, u < v and v < p do not imply p = v,
but only ¢ = v. Considering the groups-into relation, p < v ensures that
for each granule of u there exists a set of granules of v covering exactly the
same span of time. The relation is useful, for example, in applications where
attribute values are associated with time granules; sometimes it is possible
to obtain the value associated with a granule of v from the values associated
with the granules of p whose union covers the same time. The groups-into
relation has the same two properties as the finer-than relation, but generally
u < v does not imply u < v or viceversa. The subtype relation intuitively
identifies a type corresponding to subsets of granules of another type. Similar
to the two previous relations, subtype is reflexive and transitive, and satisfies
1 E v = pu < v. Finally, shifting is clearly an equivalence relation. Concerning
this last relation, an equivalent, more useful and practical definition, is:

Definition 17. Two temporal types 1 and po are said to be shifting equiv-
alent (denoted p1 = po) if there is a bijective function h : T — T such that
p1(i) = pa(h(@)), forallie T.

In the following we will consider only temporal type systems which satisfy
the restriction that no pair of different types can be shifting equivalent, i.e.

p1 = pe = p1 = po. (4)

For this class of systems, the three relationships <, < and C are reflexive,
transitive and antisymmetric and, hence, each relationship is a partial order.
Therefore, for the relation we are particulary interested in, finer-than, there
exists a unique least upper bound of the set of all temporal types, denoted by
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1T, and a unique greatest lower bound, denoted by g, . These top and bottom
elements are defined as follows: put(i) = A for some ¢ € 7 and ut(j) = 0
for each j # 4, and p, (i) = 0 for each ¢ € 7. Moreover, for each pair of
temporal types pi, po, there exist a unique least upper bound (p1, p2) and a
unique greatest lower bound (11, u2) of the two types, with respect to <. We
formalize this result in the following theorem, proved by Bettini et al. [3]:

Theorem 1. Any temporal type system having an infinite index, and satisfy-
ing (4), is a lattice with respect to the finer-than relationship.

Let denote Gy the set of temporal types for which the index set and the
absolute time set are isomorphic with the set of positive natural numbers, i.e.
A =7 = N. Consider now the following particular subsets of Gy, represented
by temporal types with a) non-empty granules, b) with granules covering all
the absolute time and c) with constant size granules:

G ={pego|VieN, 0<#u(i)} (5)
Go={pe€G|VieN, ui)"t #0} (6)
Gs={neGa|VieN, pu(i) =cu} (M)

The membership of a temporal type defined by one of these subsets implies
very useful properties, a first result being expressed in the following lemma.

Lemma 2. If pq, puo are temporal types from Gy, then py = po = p1 = po.

Therefore, the set G; of temporal types is a lattice with respect to the finer-
than relationship. The temporal type system G, is not closed, because (11, p2)
is not always in G;. In exchange it can be shown that the temporal type
system Gy (given by (6), where p=1(i) = {j € N:i € pu(j)}) is a closed system
having a unique greatest lower bound, u, (¢) = 4, Vi € N, but no least upper
bound pr. Furthermore, the membership of Gs is a sufficient condition for the
equivalence of the relationships finer-than and groups-into, according to the
following lemma:

Lemma 3. If  and v are temporal types from Ga, then p v < pu v,

4.2 Linear Granular Time Structure

If M = (S,2,1I) is a first-order linear time structure, then let the absolute
time A be given by the sequence x, by identifying the time moment i with the
state s(;) (on the it" position in the sequence). If y is a temporal type from
G2, then the temporal granule () may be identified with the set {s; € S|j €
p(2)}. Therefore, the temporal type p induces a new sequence, x,,, defined as
z, : N — 25 2,(i) = p(i). (Remark: In the following the set p(i) will be
considered, depending of the context, either as a set of states or as a set of
natural numbers, the indexes of these states).
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Consider now the linear time structure derived from M, M,, = (2%, z,,,I").
To be well defined, we must give the interpretation IZ (i)’ for each ¢ € N.
Because for a fixed i the set u(i) is a finite sequence of states, it defines (if all
the states are complete states) a model M u(i) for M. Therefore the estimated

general interpretation 1, G(IT,0) is well defined and we consider, by definition,
that for a temporal free formula (e.g. a temporal atom) p in L,

IZ(i) (p) = IG(MW>)(17) = supp(p, My, (s)) (8)

This interpretation is extended to any temporal formula in L according to the

rule:
n

. 1
IL(i)(vklpl AERA anpn) = g Z IZ(i+kj)(pj) (9)
j=1
where p; are temporal free formulae and k; € Z,i =1...n.

Definition 18. If M = (S,z, 1) is a first-order linear time structure and p
s a temporal type from Gs, then the linear granular time structure induced
by w on M is the triple M,, = (25,2, I"), where x, : N — 25, x,(i) = p(i)
and I" is a function that associates with almost each set of states u(i) an
interpretation IZ(Z.) according to the rules (8) and (9).

Of a particular interest is the linear granular time structure induced by the
greatest lower bound temporal type of the lattice Ga, ) (i) = ¢. In this case,
M, = (S,z,I""), where the only difference from the initial time structure
M is at the interpretation level: for p = P(t1,...,t,) a formula in L, if the
interpretation Is(p) is a function defined on D™ with values in {true, false} —
giving so the meaning of truth — the interpretation I#* (p) is a function defined
on D™ with values in [0, 1] — giving so the degree of truth. The relation linking
the two interpretations is given by Is(p) = true if and only if I¥+(p) = 1.
Indeed, supposing the state s;) is a complete state, it defines the model M; =
(4,5()) and we have, for p a temporal free formula,

- {1, if I (p) = true, (10)

INL . = 7Mi =
oo () =S M) =9 0 ey ) = fatse

For a formula @ = Vg, p1 A ... A Vi, pn, we have I, (1) = true iff Vj €
{1...n},i+ k; = p;, which is equivalent with

supp(p1, Mitp,) = -+ = supp(pn, Miyx,) =1

1 n
< ZlIZi(ij)(pj) =L, (m=1 (1)
o

Consequently, the linear granular time structure M, , can be seen as an ex-
tension, at the interpretation level, of the classical linear time structure M.
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Ezample 4. Consider the first three granules of the linear granular time struc-
ture M), which cover the first nine states of the linear time structure M
(represented graphically in Fig. 1).

q P q q P q q q
I |

2 3 4 5 [ 7 g 2
R h oy 4 \—Yﬁ’
Ny H, Hj

— T

—

-
LS

Fig. 1. Graphical representation of the first nine states from the time structure M
and of the first three granules of temporal type

If p and ¢ are two temporal free formulae in L, interpreted as true in the states
{1,3,6} (respectively {2,4,5,7,8,9}) from M, then the following relations
occur:

L,1)(p) = supp(p, M,,,) = L,(2)(p) = supp(p, M,,,) =

L3 (p) = supp(p, M,,,) = L,1)(q) = supp(q, M,,,) =

WO Wl N

L,2)(q) = supp(p, M,,,) = I,3)(q) = supp(p, M,,,) =

1 17
I,y(pAVq) = 3 (L) + Ly (@) = 51
1 11
I,y (g ANVpAVaq) = 3 (L) (@) + Loy (p) + L) (@) = 36

4.3 Linking two Granular Time Structures

All the granular time structures induced by a temporal type have in common
interpretations which take values in [0, 1] if applied on predicate symbols in L.
This observation allows us to establish the relation linking the interpretations
I* and I”, from two linear granular time structures induced by p and v,
when there exists a relationship finer-than between these two temporal types.
According to the lemma 3, for each ¢ € N there is a subset IN; C N such that
v(i) = Ujen, #(4)- If pis a temporal free formula in L, then the interpretation
I” for p at v(i) is the weighted sum of the interpretations I#(j)( p), where
j € N;. We formalize this result in the following theorem:

Theorem 2. If u,v are temporal types from Ga, such that p < v, and I, I"
are the interpretations from the induced linear time structures M,, and M, on
M, then for each i € N,
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1 .
IZ(i)(P) = #T(z) Z #M(])IZ@)(P)’ (12)
JEN;

where N; is the subset of N which satisfies v(i) = U,cn, #(j) and p is a
temporal free formula in L.

If we consider po=p1 < v then #u(j) =1, for all j € N and IM(J)( p) =
supp(p, M;). Therefore,

(i) (P Z supp(p, M;)

jEu (2)

= #T(i)#{j e v(i)|j E p} = supp(p, M, ;)) = IG(MW))(P) (13)
result which is consistent with Definition 18. But the significance of the the-
orem 2 is revealed in a particular context. If u,v € Gs and p < v, it can be
shown that #N; = £, Vi € N and so the relation (12) becomes

IZ(@) #N Z N(J) (14)

JEN;

Generally speaking, consider three worlds, Wy, Wy and W3 — defined as sets
of granules of information — where Wj is finer than W5 which is finer than
W3. Suppose also that the conversion between granules from two different
worlds is given by a constant factor. If the independent part of information
in each granule is transferred from Wj to W5 and then the world Wy is ”lost”,
the theorem 2 under the form (14) affirms that it is possible to transfer the
independent information from W5 to W3 and to obtain the same result as for
the transfer from W; to Wj.

Ezample 5. : Consider a linear time structure M (here, the world W7) and a
temporal free formula p such that, for the first six time moments, we have i = p
for i € {1,3,5,6}. The concept of independence, in this example, means that
the interpretation of p in the state s; does not depend on the interpretation
of p in the state s;. Let be p,v € Gs, p < v, with (i) = {2i — 1,2i} and
v(i) = {6i—5,...,6i}. Therefore, v(1) = u(1) U p(2) U u(3). According to the
definition 18, Iﬁ(l)(p) = supp(p, {1,2}) = 0.5, I#(Q)( p) = supp(p, {3,4}) = 0.5,
Iz(g)(p) = supp(p, {5, 6}) = 1, whereas I})(p) = supp(p, {1, .., 6}) = 0.66. If
the linear time structure M is ”"lost”, the temporal types p and v are ”lost”
too (we don’t know the absolute time A given by M). But if we know the

induced time structure M, (world W5) and the relation between p and v
v(k) = pu(3k —2) Uu(3k — 1) U u(3k), Vk € N

then we can completely deduce the tirne Structure M, (world W3). As ex-
ample, according to (14), I))(p) = 3 Zl 1 M( ( ) = 0.66. The condition
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about a constant conversion factor between granules is necessary because the
information about the size of granules, as it appears in expression 12, is ”lost”
when the time structure M is ”lost”

The theorem 2 is not effective for temporal formulae (which can be seen as
the dependent part of the information of a temporal granule). In this case we
can prove that the interpretation, in the coarser world, of a temporal formula
with a given time window is linked with the interpretation, in the finer world,
of a similar formula but having a larger time window.

Theorem 3. If i and v are temporal types from G such that p <X v and I, I”
are the interpretations from the induced linear time structures M,, and M, on
M, then for each i € N,

1
IZ(i) (pAVg) = % Z Fu(j)(p A Vkq) (15)

JEN;
where k =c¢,/c,, v(i) = UjeNi w(g) and p,q are temporal free formulae in L.
If we define the operator zoomy over the set of formulae in L as
zoomp(Vigp1 Ao . AV pp) = Vi, p1 A oo A Vi, Pn
then an obvious corollary of this theorem is

Corollary 1. If p and v are temporal types from Gz such that p < v and
I' I’ are the interpretations from the induced linear time structures M, and

M, on M, then for each i € N,

1
L (Ve pi Ao AV, ) = Z Z I (zoomy(Viypr A ... AV, pr)) (16)
JEN;

where k = ¢y /ey, v(i) = U;en, #(4); ki € N and p;,i = 1..n are temporal free
formulae in L.

According to this corollary, if we know the degree of truth of a temporal
rule (template) in the world Wy, we can say nothing about the degree of truth
of the same rule in the world Wy, coarser than W;. The information is only
transferred from the temporal rule zoomy,(H) in Wy (which has a time window
greater than k — 1) to the temporal rule H in Ws, where k is the coefficient of
conversion between the two worlds. Consequently, all the information related
to temporal formulae having a time window less than k is lost during the
transition to the coarser world Ws.

4.4 The Consistency Problem

The importance of the concepts of consistency, support and confidence, (see
Subsect. 3.1), for the process of information transfer between worlds with dif-
ferent granularity may be highlighted by analyzing the analogous expressions
for a linear granular time structure M,,.
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Definition 19. Given L and a linear granular time structure M, on M, we
say that M, is a consistent granular time structure for L if, for every formula

p, the limit
supp(p, M,,) = lim il 1O Al (17)
n—oo n
exists. The notation supp(p, M,,) denotes the support (degree of truth) of p
under M, .

A natural question concern the inheritance of the consistency property
from the basic linear time structure M by the induced time structure M,.
The answer is formalized in the following theorem.

Theorem 4. If M is a consistent linear time structure and p € Gs then the
granular time structure M, is also consistent.

The proof of the theorem (see Appendix 6) is based on the relation between
the support of a formula p in M, respectively in M,,, which is:

supp(p, M,,) = supp(p, M) (18)
1 m

SUpP(Viei 1 A+ A Vi, oy My) = — > " supp(p;, M) (19)
j=1

The implications of Theorem 4 are extremely important. It is easy to show,
starting from Definition 14, that the confidence of a temporal rule (template)
may be expressed using only the support measure if the linear time structure
M is consistent. Therefore, considering that by definition the confidence of
a temporal rule (template) H, Hy A ... A H,, — H,,11, giving a consistent
granular time structure M, is

supp(HiA...AHp AHpmy1,M,,)

conf(H,M,) = {0 supp(H1A-.AHpm,M,,)

if supp(Hy A ... AN Hy,, M,,) > 0,
if not

(20)
we can deduce, by applying Theorem 4 and the relations (18) and (19), that
the confidence of H, for a granular time structure M, induced on a consistent
time structure M by a temporal type u € Gs, is independent of p. In other
words,

”The property of consistency is a sufficient condition for the independence
of the measure of support/confidence, during the process of information trans-
fer between worlds with different granularities, all derived from an absolute
world using constant conversion factors. In practice, this means that even we
are not able to find, for a given world M,,, the granules where a temporal rule
H apply (according to Theorem 3), we are sure that the confidence of H is the
same in each world M, ,Vu € G3.”
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4.5 Event Aggregation

All the deduction processes made until now were conducted to obtain an
answer to the following question: how is changing the degree of truth of a
formula p if we pass from a linear time structure with a given granularity
to a coarser one. And we proved that we can give a proper expression if
we impose some restrictions on the temporal types which induce these time
structures. But there is another phenomenon which follows the process of
transition between two real worlds with different time granularities: new kinds
of events appear, some kinds of events disappear.

Definition 20. An event type (denoted E[t]) is the set of all temporal atoms
from L having the same name (or head).

All the temporal atoms of a given type E[t] are constructed using the same
symbol predicate and we denote by N[t] the arity of this symbol. Consider
E(t,ta,...,ty,) € E[t] (where n = NJ[t]). According to Definition 1, a term
tiyi € {2,..,n} has the form ¢; = f(t;1,...,ti, ). Suppose now that for each
index ¢ the function symbol f from the expression of ¢; belongs to a family
of function symbols with different arities, denoted F;[t] (so different sets for
different event types E[t] and different index 4). This family has the property
that the interpretation for each of its member is given by a real functions
which

e is applied on a variable number of arguments, and
e s invariant in the order of the arguments.

A good example of a such real function is a statistical function, e.g. mean(z1, .., z,).
Based on the set F;[t] we consider the set of terms expressed as fi(c1,...,ck),
where fi is a k—ary function symbol from F;[t] and ¢;,i = 1..k are constant
symbols. We denote such a set as T;[t]. Consider now the operator & defined

on T;[t] x T;[t] — T;[t] such that

fn(cl, 0y Cn) D fm(dla ’dm) = fner(Cla -y Cny d17 o0y dm)

Of course, because the interpretation of any function symbol from F;[t] is
invariant in the order of arguments, we have

fn(Cl, .. .,Cn) D fm<d1, .. .,dm) = fn(cg(l), .. .,Co(n)) D fm(d<p(1), .. -vcap(n)>

where o (respectively ¢) is a permutation of the set {1,...,n} (respectively
{1,...,m}). Furthermore, it is evident that the operator & is commutative
and associative.

We introduce now a new operator (denoted H) defined on E[t] x E[t] —
E[t], such that, for E(t,ts,...t:,..tn) € E[t], E(t,ty,..t,,...t.) € E[t] we
have:

E(t,ty, ... ,tn) BE(t,th,...,t,) = E(t,ta®th,... t, ®t)) (21)
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Once again, it is obviously that the operator H is commutative and associative.
Therefore, we can apply this operator on a subset £ of temporal atoms from
E[t] and we denote the result as H e;.

e;c
By definition, a formula p is satisfied by a linear time structure M =
(S, z,I) (respectively by a model M = (T', %) of M) if there is at least a state
s; € x (respectively s; € &) such that I, (p) = true. Therefore, the set of

events of type ¢ satisfied by M (respectively M) is given by:

E[t]apr = {e € E[t]| 3s; € x such that I, (e) = true} (22)

respectively by:
Elt]y; = {e € E[t]|3s; € T such that I, (e) = true} (23)

If we consider now M, the linear time structure induced by the temporal
type u on M, the definition of Elt]y, is derived from (22) by changing the
condition I, (e) = true with Iﬁ(i)(e) = 1. Of course, only for 4 = p1; we have
E[t]p = Elt]a, (we proved that I, (p) = true & Iﬁi(i) (p) = 1). Generally
Eltlar D Eftly, D Elt]n,, for < v, which is a consequence of the fact that

a coarser world satisfies less temporal events than a finer one.

Ezample 6. : If M is a linear time structure such that for the event e € E[t]
we have ¢ = e if and only if ¢ is odd, and p is a temporal type given by
p(i) = {2i — 1,24}, then it is obviously that e € E[t]as but e & E[t]a, (for all
i€ N,Iz(i)(e) = supp(e, {2i — 1,2i}) = 0.5).

In the same time a coarser world may satisfies new events, representing a kind
of aggregation of local, ”finer” events.

Definition 21. If p is a temporal type from Go, we call the aggregate event
of type t induced by the granule p(i) (denoted e[t], ) the event obtained by
applying the operator B on the set of events of type t which are satisfied by
the model MH(Z—), i.e.

e[t]u(i) = H e; (24)

eiGE[t]M“(i)

According to (8), the interpretation of an event e in any world M, depends
on the interpretation of the same event in M. Therefore, if e is not satisfied by
M it is obvious that IZ(:’)(G) =0, for all 4 and all 4 € N. Because an aggregate
event (conceived of a new, ”federative” event), usually is not satisfied by M,
the relation (8) is not appropriate to give the degree of truth for e[t],,;). But
before to give the rule expressing the interpretation for an aggregate temporal
atom, we must impose on M the following restriction: two different events of
type t can not be evaluated as true at the same state s € S, or:

Jh: E[t]ar — S, h injective, such that h(e) = s where I(e) = true  (25)
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Definition 22. If M, is a linear granular time structure and e[t],(,) is an
aggregate event induced by the granule p;, (1, v € Ga), then the interpretation
of e[t] (o) in the state v(i) is defined as:

Lo elihion) = LE2D S 1) (26)
e;€E

where £ = Elt]

o)’ &i = E[t]MUu)'

The restriction (25) is given to assure that 3, .o I} ;(e;) < 1, for alli,io € N.
Indeed, let be eq,..., e, the events from &. If h(ej) = s;j,j = 1l..n, then
consider the sets A; = {k € v(i) |k = e;} = {s € v(i)| s = s;}. The function
h being injective, the sets A; are disjoint and therefore Z?Zl #A; < #v(i).
Consequently, we have

;I,ju)(ej) = ;supp(ej,Mu(i)) = 50 ;#Aj < #Z(z; —1. @)

The relation (27) and the fact that the coefficient #(L‘?& is less or equal one
guarantee that the interpretation of an aggregate event is well-defined, i.e.
Iy (e[t]uio)) < 1. Furthermore, the interpretation is equal one if and only if:

#ENE)
#E

meaning that all the events of type t satisfied by ]\Zf#io are also satisfied by
]\;L,i, and

(i) —leE=¢ (28)

(i) S Tle) =16 ##() SsA =10 Y #4; = #0()  (29)
j=1 J=1

j=1
meaning that the sets A; form a partition of (i) (or equivalently A= (v(i)) =

8).

Ezample 7. Let be M a linear time structure, ey, e9,e3 € E[t] such that (see
Fig. 2)

lEe,4Fe andi=e; forie {6k —2,6k—1,6k|k>2}
3=e, blEeyandi = e for i € {6k + 1,6k + 2,6k + 3|k > 1}
6'163

Consider two temporal types u,v € Gs such that p(i) = {3i —2,3i — 1,3i|i >

1} and v(i) = {6i — 5,...,6i|i > 1}. The different aggregate events induced
by granules of temporal type u and v are:
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Fig. 2. Graphical representation of the first eighteen states of the time structure
M and of the first six (respectively three) granules of temporal types u and v

e[t] (1) = e1 Bea, et],2) = e1 Bea Bes, eft],3) = ez, e[t] ) = e1
e[t],y = e1 Bex Bes, eft], ;) = e1 Bea (for i > 1)

Lets denote e the aggregate event induced by p(1). Evidently € = Et] =

{e1,e2} so #& = 2. The interpretation of this event in different granules of
types p and v can be calculated according to relation (26):

1

5 ﬂ £) 2
Iu(l)(em Zlu(l) €;) Zbupp €j, u(l)) = =3

w
w\»—t

2
I/ 5 (cr12) = #(&NE) ST (e)) = #({61,62,632} N{e1,e2}) Zsupp(ej,J\Zf#(Q))
j=1

HE n(2) —

J:
112
3 3 3

E3NE) o N {el, 2 }
T (1) = %215(2)@3’) _ #({e2} 2{61 e2}) leupp(ej,M#(g))
j= =

_ 1o 3\ _1
T 2\3 3/ 2

L(er2) = HEnE) D Lo e) = #leu) mz{el’ e2}) Z supp(e;, M,,(4))

I
N | —
7N
Wl w
+
wl o
"
I
N |

IH

u(2k+1)(612) = 5, Iﬁ(2k+2)(812) = -, for all k Z 1.

According to these results, the event ejo obviously is not satisfied by M,,.
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E1NE) < e, es) N {e, 2 5
15(1)(612> = #(7;5) ZIZ(l)(ej) _ #({61 €9 632} {61 62}) Zsupp(ej,M,,(l))
j=1

j=1

2
T (e12) = =z > T (e) = #({61’62}; fes, e2}) > " supp(e;, My (2)
j=1

Iy (e12) =1 for all k > 1,

which means that e;5 is satisfied by M,,, a coarser world than M,,. As a general
rule, the degree of truth for an aggregate event e is equal one in a given granule
p(7) if all individual events composing e (and only these events) are satisfied

by u(i).

5 Conclusions

In this article we developed a formalism for a specific temporal data mining
task: the discovery of knowledge, represented in the form of general Horn
clauses, inferred from databases with a temporal dimension. The theoretical
framework we proposed, based on first-order temporal logic, permits to define
the main notions (event, temporal rule, constraint) in a formal way. The con-
cept of a consistent linear time structure allows us to introduce the notions
of general interpretation, of support and of confidence, the lasts two measure
being the expression of the two similar concepts used in data mining.

Starting from the inherent behavior of temporal systems — the perception
of events and of their interactions is determined, in a large measure, by the
temporal scale — we extended the capability of our formalism to ”capture” the
concept of time granularity. To keep an unitary viewpoint on the meaning of
the same formula at different scales of time, we changed the usual definition
of the interpretation I” for a formula in the frame of a first-order temporal
granular logic: it return the degree of truth (a real value between zero and
one) and not only the meaning of truth (¢rue or false).

The consequence of the definition for I is formalized in Theorem 2 :
only the independent information (here, the degree of truth for a temporal
free formula) may be transferred without loss between worlds with different
granularities. Concerning the temporal rules (scale dependent information),
we proved that the interpretation of a rule in a coarser world is linked with
the interpretation of a similar rule in a finer world, rule obtained by applying
the operator zoom;, on the initial temporal rule.

By defining a similar concept of consistency for a granular time structure
M,,, we could proved that this property is inherited from the basic time struc-
ture M if the temporal type u is of type Go (granules with constant size). The
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major consequence of Theorem 4 is that the confidence of a temporal rule
(template) is preserved in all granular time structures derived from the same
consistent time structure.

We defined also a mechanism to aggregate events of the same type, that
reflects the following intuitive phenomenon: in a coarser world, not all events
inherited from a finer world are satisfied, but in exchange there are new events
which become satisfiable. To achieve this we extended the syntax and the
semantics of L by allowing ”family” of function symbols and by adding two
new operators.

In our opinion, the logical next step in our work consists in adding a
probabilistic dimension to the formalism. Preliminary results (see [11]) confirm
that this approach allows a unified framework including the logical formalism
and its granular extension, framework in which the property of consistency
becomes a consequence of the capacity of a particular stochastic process to
obey the strong law of large numbers.

6 Appendix. Proofs

Proof (of Lemma 2).

Before we start, we introduce the following notation: given two non-empty
sets S1 and Sy of elements in A, S; < S5 holds if each number in S is strictly
less than each number in Sy (formally, S < Sy if Vo € S1Vy € Sy (x < y)).
Moreover, we say that a set S of non-empty sets of elements in A is monotonic
if for each pair of sets S; and S5 in S either S; < S or S < 5.

The relation p; = o is equivalent with the existence of a bijection func-
tion h : N — N such that pq(¢) = p2(h(4)), for all i. We will prove by induction
that h(i) = i, which is equivalent with p; = ps.

e i = 1: suppose that h(1) > 1. If a = min(p(1)) — the existence of a is
ensured by the condition (5) — then pi(1) = p2(h(1)) = a € p2(h(1)).
Because 1 < h(1) we have (1) < p2(h(1)) (according to Definition 15)
and so there is b € pa(1) such that b < a. The inequality 1 < h(1) implies
h=1(1) > 1, and so pa(1) = p1(h=1(1)) > pi(1). But the last inequality
(>) is contradicted by the existence of b € py(h~1(1)) which is smaller
than a € pi(1). In conclusion, h(1) = 1.

e i =mn+ 1: from the induction hypothesis we have h(i) = i,Vi < n. Sup-
posing that h(n+1) # n+ 1, then the only possibility is A(n+1) > n+1.
This last relation implies also h~!(n+1) > n+ 1. Using a similar rationing
as in the previous case (it’s sufficient to replace 1 with n + 1), we obtain

pr(n+1) < p(h™H(n+1)) = pa(n+1) < pa(h(n +1)) = p(n+ 1)

where each of the set from this relation are non-empty, according to (5).
The contradiction of the hypothesis, in this case, means that h(n + 1) =
n + 1 and, by induction principle, that h(i) =4,Vi € N. R
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Proof (of Lemma 3).
Let be p € Go,v € Ga.

e 1 < v:letjo € N. The relation (6) means that for all k € v(jo), u=1 (k) # 0
and so S = Uk@(jo){,u_l(k)} # (). Tt is obviously, according to Deﬁnltlon
15, that the relation finer-than implies that for each i € N there is a
unique j € N such that u(i) C v(j). Consequently, if u < v and p(i) N
v(j) # 0 then p(i) C v(j). Therefore, for all i € S, u(i) C v(jo) which
implies J;,cgp(i) C v(jo) (a). At the same time, Vk € v(jo) we have
k € p(pn~*(k)) which implies v(jo) € ;g #(i) (b). From (a) and (b) we
have v(jo) = (J;cg 1(4), which implies p < v.

e u Qu:letig € Nand let k € u(ig). According to (6), there exists j =
v~ (k). Because p < v there is a set S such that v(j) = (J,cg 1(i). Because
the sets u(i),i € S are disjunct and k € v(j) N u(ig) we have ig € S.
Therefore, for each iy there is j € N such that u(ig) C v(j), which implies

<v. Nl

Proof (of Theorem 2).
The formula p being a temporal free formula, we have w(p) = 0. According
to Definition 18 and Definition 12, we have

#{jev@)|jEp}

Iy (p) = supp(p, M, (;)) = () (30)
On the other hand, because v (i) = {J;cy, #(j), we have also
Z #u()L ) (p Z #1u(7)supp(p, My(5))
. #{j e v()|j E p}
- k ke pl —
#V(Z) j%;i #{k € u(j) [ k = p} #(i) (31)

From (30) and (31) we obtain (12). B

Proof (of Theorem 3).

If p,v € Gs such that #pu(i) = ¢, and #v(i) = ¢, for all ¢ € N, it
is easy to show that the sets N; satisfying v(i) = U,cpy, #(j) have all the
same cardinality, #N; = ¢, /c, = k and contain successive natural numbers,
N; = {ji,ji +1,...,5i + k — 1}. From the relations (9) and (14) we have:



Time Granularity in Temporal Data Mining 27

l/(’L (p A Vq z/(z + IV(2+1)( ))

1
5

1 1
(#N’L (p) #Nz—i-l Z IZ(])((])

jEN; JEN;+1

1 jitk J1+2k‘ 1
) Z Z IM J)
Ji=Ji J=jitk

1 g1+k 1
% () + Lieny (‘J)>

JJz

+

1 " 1 .

9% Z 21#(] (PAVrq) | = % z]:v I#(j)(p/\ Viq) B
J=i JEN;

Proof (of Theorem 4).
M being a consistent time structure, for each formula p in L the sequence
2(p)n = n~'#{i <n|i = p} has a limit and lim z(p), = supp(p, M). In the

same time, p € Gz implies #u(i) = k for all 4« € N and p(i) = {k(i — 1) +
1,k(i —1)+2,...,ki}. Consider the following two cases:

p temporal free formula : We have

i Iy (p) _ >oi 1 supp(p, My, ;)

n n
n  #{jenl)|jEp}
_ Zile@) _ 2 #licn@|iEp}
kn

{ZGUHM()IZH)} #li<knliEp} _

. T ?:1 Iﬁ(i)(l’) .
Therefore, there exists the limit lim —————— = lim z(p)k, and we

n—oo n n—oo

have
supp(p, M,,) = supp(p, M) for p temporal free formula (32)

temporal formula m = Vi, p1 A ... AV, Dm: We have
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Z?:l IZ(z) (qupl JANIRVAN vkmpm,) E?:l (m_1 Z;’ﬂ:l IZ(H—:’CJ)(p]))

n n
1 Z;;l Z;nzl Supp(pj7 M;L(Z+k) ) 1 UL
" " = 2 2 SPlPs M)
1 zm:z": #{h € plk; +9) | h E pj}
mn k
Jj=11i=1
1 i #{h € Ui:l M(kj +1i) | h 'ij}
mn k

zﬁz (#{h < k(k; +n) [h b= ps} = #{h <kk; | b |= p;})

1 m
:mz (kj + )2 (D) ki +n) — kkjz(D))kr, )

= Z - T(Pj)k(kj+n) — - Z ;x(l)j)kkj (33)
Jj=1 j=1
By tacking n — oo in (33), we obtain
i Yim1 u( )(Vklpl Ao AV, Pm)
nsbo n
= lm | — Z (D)) — Z 25w
j=1 j=1
1 m ) k 1 m
== Znh_{go J (P k(e 4n) — ZHILH;O Zx(pj)kkj
Jj=1 Jj=1
1 m m
— Z hm z(p;) k(kj+n) = ZbUPp pj, M) (34)
] 1
and so we have
supp(Vi, p1 A - .. A Vi, Py M, Zsupp (pj, M (35)

From (6) and (35) results the conclusion of the theorem M.
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