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Abstract

Representing and reasoning with both temporal
constraints between classs of events (e.g., between the
types of adions nealed to achieve agoal) and temporal
constraints between instances of events (e.g., between the
spedfic adions being exeauted) is a ubiquitous task in
many aress of computer science, such as planning,
workflow, guidelines and protocol management. The
temporal constraints between the dasses of events must
be inherited by the instances, and the consistency of both
types of constraints must be cheded. In this paper, we
propcse a general-purpose  domain-independent
knowledge server deding with these isaues. In particular,
we propaose aformalism to represent temporal constraints,
we show two agorithms to ded with inheritance and to
perform temporal consistency chedking, and we study the
properties of the dgorithms.

Keywords: Temporal constraints between classes and
instances of events, Inheritance, Consistency, Prediction

1 Introduction

The nedl to represent and reason with classes (i.e.,
sets of individuals), instances (spedfic individuals) and
inheritance is ubiquitous in many fields of Computer
Science (and, in particular, of Artificia Intelli gence -Al)
and in many applicaions. Thus, a lot of works in Al
focused on this problem, in order to provide once and for
all systems deding with these phenomena [14]. KL-ONE
[3] and KL-ONE-like hybrid knowledge representation
systems (henceforth HKRS) are  probably the most
popular examples of these types of systems (see e.g., the
survey in [11]). HKRS were usually conceved as task and
domain independent knowledge servers, providing other
systems and problem solvers with fadliti es for storing and
reasoning with classes, instances and inheritance[9]. This
showed to be very advantageous both from the cnceptual
and from the engineaing point of view: instead of having
to ded from scratch with classes, instances and
inheritance, programmers and knowledge engineea's could
use aHKRS to this purpose, and focus on the spedfic
problems of their task/applicaion domain. In HKRS, a
terminologicd component (cdled T-Box) is used to

represent the description of classes, and an assertional one
(A-Box) is used to ded with the instances of the
terminologicd classes. Classification is used to determine
the exad place of ead class in the dass taxonomy.
Inheritance of properties is sippoted, as well as
integrated reasoning between instances and classes: the
realization process [11] determines (considering
inheritance of properties and the description of classes
and instances) all the most spedfic dasses of which a
given asrtional entity is an instance HKRS are widely
and fruitfully applied in different fields of Al and
Computer Science (see e.g., in [15] a survey on some
paradigmatic goplicéions).

There is an obvious temporal counterpart to the
problem of deding with classs, instances and
inheritance: in many areas, such as planning, workflow
management, protocol/guidelines management and so
on one usually wants to spedfy the adions (henceforth,
we use the cver term event to denote dl types of
adions —e.g., agentive or not) nealed in order to
adiieve a given task, and the temporal constraints
between them. Noticethat an event in a general plan (or
workflow, or protocol, or guideling) represents a class
(set) of instances of events, in the sense that it has
spedfic instantiations for spedfic exeautions of the plan
itself. On the other hand, while exeauting (instantiating)

a genera plan, one has gedfic instances of the dasses
of events in the plan, which must inherit the tempora
congtraints from their super-classes. Obvioudly, the
instances must resped (i.e., be consistent with) the
congtraints they inherit from their super-classs.
Moreover, general plans (or workflows, or protocols, or
guidelines) may have apredictive role, since they state
that a given adion has to be exeauted within a give
range of time. However, surprisingy enough this
temporal counterpart has been quite negleded in the Al
literature, in the sense that no general-purpase domain-
independent knowledge server for hybrid (i.e., classs
plus instances) temporal reasoning has been built (to
the best of our knowledge), so that the temporal isaies
mentioned here have been and are still facel amost
from scratch by programmers/reseachers in different
tasks and applicaions. In fad, athough since the
beginning of the 80's many general purpose knowledge
servers (the so cdled temporal managers) have been
built to ded with different types of qualitative and/or
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quantitative temporal constraints (see, e.g., the surveys
in [1,19]), none of them supports an explicit treatment
of both classes and instances constraints, with the
treatment of inheritance and consistency. In the paper,
we sketch a hybrid temporal approach which overcomes
such a limitation providing users with a temporal
corresponding of HKRS,

In section 2, we discuss the phenomena to be
addressed by an hybrid temporal manager. In section 3,
we introduce two languages to deal with tempora
constraints between instances and tempora constraints
between classes respectively. Since the main goa of this
paper is that of focusing on the integration of constraints
between classes and between instances, we deliberately
chose two languages which are based on a well-known
constraint framework (i.e., STP [6]), whose properties are
well known. In section 4, we deal with constraint
inheritance and hybrid (classes/instances) temporal
reasoning to check consistency in case the observations
on instances are not complete. In section 5, we extend
consistency checking to the case where observations are
compete (i.e., when al the events which actually occurred
have been observed). Finally, in section 6, we further
carry on the parallelism between our approach and HKRS
approaches, enlightening future research issues in the
fields of knowledge representation and tempora
reasoning.

2 Temporal constraints between classes and
between instances of events

2.1Classes and | nstances of Events

In the introduction, we sketched the tempora
counterpart of the well known dichotomy between classes
and instances. "Classes of events' may correspond to
terminological classes (T-Box concepts), and "instances
of events' to (A-Box, i.e, assertiona) instances. For
example, in a genera guideline or plan (e.g., in the
clinical field), one may represent the event (action) of
"performing a laboratory test". Such an event stands for a
class (of events), since it represents a set of individual
occurrences of "performing a laboratory test", taking
place at definite intervals of time. A specific person may
execute, at a given time, a specific laboratory test. Thisis,
of course, an instance event (i.e., a specific occurrence) of
the class of events above. This can be graphicaly
represented as in Figure 1, where LT1, LT2, ... LTk
represent specific instances (Instance-of arcs) of the event
class"Lab Tests' occurring at specific intervals of time.

2.2Temporal Constraints Inheritance

Usually, general plans (guidelines, protocols,
workflows) contain temporal constraints between (classes
of) events. For example, in the CLASSES part of Figure
1, we graphicaly represent in a simplified way part of a

guideline for the management of laboratory tests in an
hospital. The genera guideline represents the fact that the
reservation (RS) of each test must be done between 1 and
7 days before the lab-test (LT), and that the results of the
tests are reported (RP) within 1 and 48 hours after the
end of the test. Of course, these are temporal constraints
between classes of events, which might be instantiated
many times, for different instantiations of the classes of
events (see the INSTANCES part of Figure 1). However,
it is important to notice that the temporal constraints at
the class level are "relational” constraints, in the sense
that they have to be inherited only by "corresponding”
pair of instances of the related classes. For example, in
Figure 1, the congraint between RS and LT states that
each instance of Reservation must be 1-7 days before the
corresponding instance of Lab-Test (and not before all
LT instances!). In general, a temporal constraint R
between two classes C1 and C2 of events involves an
underlying relation pairing instances of the two classes.
This correspondence relation has been recognised, e.g.,
by [10,16], who called it correlation. Correlation is
symmetric and transitive [10,16]. Its nature depends on
the problem and the context. Even in our simple clinical

example, correlation may be specified in different waysl.
Thus, in general, different rules could be devised to infer
whether two instances of events are correlated or not,
depending on the specific context and domain. Modelling
correlation is outside the goals of this paper. Further
discussions on correlation are in the conclusions and in
[10,16]. In the example in Figure 1, we suppose that RS
is correlated to LTi which, in turn, is correlated to RPi,

CLASSES
. Lrdays L48howrs
RS (LT before
before
L S G~
RS1 RS2 _hs%i X
LT1 LT2 . P4 LTk
RPL  RP2 RPK
INSTANCES
Correlation:

>
temp. constraints {<RSLLT1><RS2,LT2>,..,

<RSk,LTk>, <LT1,RP1>,

Instance_of
<LT2,RP2>, ..., <L Tk,RPk>}

Figure 1 Temporal constraints between classes
of events and between instances.

IEven in our simple example, correlation may depend on the level of
detail used to describe events, and on assumptions on the specific
application. E.g., an instance R of Reservation may be correlated to an
instance L of Lab_Test if

(2) both L and R refer to the same patient code and to the same type of
test (in case a patient cannot have multiple tests of the same type)

(2) both L and R refer to the same patient and to the same type of test in
the same date (if a patient cannot have two tests of the same type
exactly at the sametime)

(3) both L and R refer to the same "unique code" (this is the extreme
case: the correspondence is given by a code, unique for each
execution of alab test).



2.3 Reasoning: consistency checking

While most KL-ONE-like @proaches suppat
classification and realization [11], in the temporal case
one is usualy interested in checking the consistency of
temporal constraints. In particular, temporal consistency
can be diedked on the dasses aone, on the instances
alone, or to the merge of the cnstraints on classes and the
constraints on instances, (i.e., considering inheritance).

2.4 Reasoning: prediction

In KL-ONE-like systems, the descriptions of classes
play a predictive role, in the sense that they predict a set
of properties and property value restrictions for the
instances. Analogously, in the temporal domain, a plan
(or protocol, or guideling) is "predictive", in the sense
that, if one has observed a given adion E1 which is an
instance of a dassof events E in a plan, and the dassE'
follows E in the general plan, one expeds to olserve an
instance of E' in a time wnsistent with the temporal
constraints between the dasses of events E and E' in the
plan. In domains where one is certain to have afull and
complete observability of events, the mnsistency chedk of
the temporal constraints must teke into acount
"prediction”, since not having observed a given instance
of event in a given range of time may indicae a
inconsistency.

2.5 Hybrid Temporal Manager

To summarize, the goa of the work described in this
paper is to propcse agenera purpose knowledge server
(temporal manager) which offers a suppart for
- explicitly representing (i) temporal constraints between
classes and instances of events, (ii) instance-of relations,
and (iii) correlations
-reasoning about inheritance of tempora constraints, and
performing consistency checking and prediction.

On the other hand, in this paper we do not ded with
the representation of the internal description of events
(which are mnsidered as “ primitive” entities; see &so the
discusgonsin sedion 6).

3 A hybrid approach to temporal reasoning

3.1 Language for temporal constraints between
instances of events (ITL)

The basic notion in our temporal ontology are time
points. A time interval | isa convex set of points between
a dstarting (Start(l)) and an ending (End(l)) point.
Different types of temporal constraints can involve
instances of events. Dates locae instances of events in
time and can be predse (seeEx.1) or impredse (Ex.2,3).
(Ex.1) RS1 started on 10/1/98 at 10:00 and ended on

10/1/98 at 10:05

(Ex.2) RS2 started on 10/2/98 at 10:10-10:15 and ended

on 10/1/98 at 10:20
(Ex.3) LT1 started on 15/1/98 at 9:00-9:40 and ended on

15/1/98 at 10:00

Dates can be expressed in our language for temporal
constraints between instances of events (cdled ITL) using
the predicae date(E,L1,U1,L2,U2), sating that the
starting point of E is between L1 and U1 and its ending
point is between L2 and U2. Also durations can be
predse or not (e.g., Ex.4)

(Ex.4) LT2lasted at least 1 hour

Durations are represented in ITL by the predicae
duration(E,L1,Ul), stating that L1 and Ul are the
minimum and maximum durations of E respedively.
Delays represent (in a predse or impredse way) the
temporal distance between pairs of instances (more
predsely, between two of their endpaints; see e.g., Ex5)
(Ex.5) RS2 started 4-5 minutes after the end of RS1

Delays are represented in ITL by the predicae
delay(P1,P2,L1,Ul), stating that L1 and Ul are the
minimum and maximum delay between P1 and P2, where
P1 and P2 are endpants of events. On the other hand,
qualitative temporal constraints do not involve ayy
metric of time, alowing one to ded with the relative
position of two instances of events (ex.6). Currently, ITL
considers the qualitative mnstraints of the Continuous
Interval Algebra i.e., the subset of relations of Allen's
Interval Algebra which can be mapped onto conjunctions
of constraints between points, excluding disequality [19].
We dhose such a subset because it has very interesting
computational properties, and neverthelessit proved to be
very important in many pradicd applicaions[5,18] 2,
(Ex.6) LT1 wasbefore LT2

E.g., the monstraintsin (Ex.1-Ex.6) can be represented
inITL as svown by (ITL1).

(ITLL):

date(RS1,10/1/98 at 10:00,10/1/98 at 10:00,10/1/98 at
10:05,10/1/98 at 10:05),

date(RS2,10/1/98 at 10:10,10/1/98 at 10:1510/1/98 at
10:20,10/1/98 at 10:20),

date(LT1,151/98 a 9:00,15/1/98 at 9:40,15/1/98 at
10:00,15/1/98 at 10:00),

duration(LT2,1 hour,o0),

delay(End(RS1),Start(RS2),4 min,5 min),

before(LT1,LT2)

All the constraintsin ITL above ca be eaily mapped
onto dstances between time points, or, better into baunds
on differences (b.0.d.) constraints of the general form

L<X-Y<U wherelL, U arered numbers
where X and Y represent time points and L and U their
minimum and maximum temporal distance (i.e., onto the
STP framework). The semantics of ITL predicaes can be

ZNotice that arbitrary disjunctions of temporal constraints (as in "LT1
was during LT2 or LT2 lasted at least 1 hour") cannot be specified in
ITL, as well as ©me digunctive relations in Allen's algebra such as
"LT1 before or after LT2".



specified in terms of b.o.d. congtraints on the distance
between points as follows:

date(E,L1,U1,L2,U2) = (L1< Start(E) - XO< UL) A
(L2 < End(E) - X0 < U2)

duration(E,L1,U1) = L1< End(E) - Start(E) < U1

delay(P1,P2,L1,Ul) = L1<P2-P1<U1

Notice that dates are represented by distances from a
reference time point X0 for the whole knowledge base,
and that P1 and P2 are starting/ending points of events.
As examples of qualitative relations, let us consider
before and during between two time intervals E1 and E2

before(E1,E2) = 0< Start(E2) - End(E1)
during(E1L,E2) < (0 < Start(El) - Start(E2)) A (0 <
End(E2) - End(E1))

Bounds on differences (and the STP framework) have
been widely used in the Al literature in order to represent
and reason with temporal constraints (consider, e.g.,
[5,6,7]). Correct and complete reasoning on b.o.d. can be
performed efficiently using an all-to-all shortest path
algorithm which provides an inconsistency or the upper
and lower bounds for the distance between each pair of
time points (also caled minimal network), and which
operates in a time that is cubic in the number of time
points [6]. A simple test in the all-shortest-path algorithm
alows it to detect inconsistencies, at no additional cost
[6]. For example, reasoning on the b.o.d. corresponding to
(ITLY) finds their consistency and infers that, e.g., RS2
started at 10:10 and L T2 started after 15/1/98 at 10:00.

The temporal high-level language we described until
now is very similar to the ones of many STP-based
tempora managers in the Al literature (see, eg.,
[1,5,6,19]). In order to be able to integrate temporal
constraints between classes and between instances, we
must extend ITL. We introduce the predicate
Instance_of (E1,C1) to state that E1 is a specific instance
of the class of events C1. In the following, we suppose
that we have the classes in Figure 1, and to have observed
only the instances RS1 and RS2 (of Reservation) and
LT1, LT2 (of Lab_Tests). The class/instance relations can
be represented in ITL as shown by (ITL2):

(ITL2):
Instance_of (RS1, Reservation),
Instance of (RS2, Reservation),
Instance of (LT, Lab_Tests),
Instance of(LT2, Lab_Tests)

Predicate COR isintroduced to represent correlations
between instances of events. In our example, we assume
(asin Figure 1) that LT1 is correlated to RS1 and LT2 is
correlated to RS2. This can be expressed in ITL by
(ITL3): COR(RSL,LT1), COR(RS2,LT2)

Findly, it is useful to indicate the set IKB_Elements
of dl theinstances e.g., as shown in (ITL4)

(ITL4): {RSLRS2LT1,LT2}

In ITL, a Knowledge Base of temporal constraints

between instances (IKB for short) is a quadruple

<IKB_Elements, IKB_Instance of, IKB_COR,
IKB_Constraints>, where IKB_Elements is a set of
instances of events, IKB_Instance of is a set of
Instance of assertions, IKB_COR a set of correlations
and IKB_Constraints a set of temporal constraints on
instances of events. In our example, we have IKB =
<ITL4,ITL2,ITL3,ITL1>.

Axioms (Ax1) and (Ax2) (and the logical formulae in
section 3.2) are introduced to make explicit our intended
semantics of an IKB: IKB is a representation of the
instances of events which have been observed until NOW
(where NOW is the system time when a call to the
temporal manager is done). (Ax1l) states that if one
instance x of event has been observed (i.e,
xUOIKB_Elements), then it has been observed to start
before (or equal to) NOW. Of course, the tempora
reasoning algorithms we describe in the following
sections have to respect such a semantics (in other words,
they can be seen as a procedural implementation of such a
semantics).

(Ax1) Ox xOIKB_Elements O Start(x) - NOW <0

If we hypothesize that observations are complete, the
fact that an instance x of event has not been observed
(i.e., x IKB_Elements) implies that it did not start until
NOW (see Axiom Ax2).

(Ax2) Ox xOIKB_Elementsd NOT (Start(x) - NOW < 0)

3.2 Language for temporal constraints between
classes of events (CTL)

In general, all the types of temporal constraints
discussed above can also be expressed between classes of
events. For instance, considering again the example in
Figure 1, one could assert the following temporal
constraints:

(Ex.7) Laboratory tests are made between 1 and 7 days
after the reservation

(Ex.8) Labhoratory tests last between 30 minutes and 48
hours

(Ex.9) Results are reported between 1 and 48 hours after
the end of the tests

(Ex.10) Results are reported after the tests

Thus, we used the same predicates as above to express
them into our temporal language for classes of events
(CTL for short). Ex.7-Ex.10 are represented in CTL as
follows:

(CTLY):
Cdelay(End(Reservation),Start(Lab_Tests),1day, 7day),
Cduration(Lab_Tests, 30 min, 48 hour),
Cdelay(End(Lab_Tests),Start(Report), 1 hour, 48 hour),
Cafter(Report,Lab_Tests)

The predicates on classes are basically the same as for
instances (we put the prefix C to distinguish them);
however, when applied to classes, durations, delays (here
we consider just the delays between the starting points of
two classes; the other cases are analogous) and qualitative
relations have a different meaning, as shown below.



Cduration(C,L1,Ul) =
O E Instance _of(E,C) O L1 < End(E)- Start(E) < U1

Cdelay(Start(Cl),Start(C2),L1,Ul) =
(O C1',C2 (Ingtance_of (C1',C1) A Instance_of(C2',C2) A
COR(C1',C2)) 0 (L1< Start(C2)- Start(C1)<UIL)A
(O C1' Ingtance of(C1',C1) O

(OC2 Instance_of(C2',C2) A COR(C1',C2))))

As example of qualitative relations, let us consider the
relation "before":

Cbefore(C1,C2) ~ (O C1,C2 (Instance of(C1,C1) A
Instance_of(C2',C2) A COR(C1',C2)) O
(0 < Start(C2) - End(C1)) A
(O CI' Instance_of(C1',C1) O
(OC2 Instance _of(C2,C2) A COR(C1',C2))))

While durations are simply inherited by al instances,
qualitative relations and delays are only inherited by
correlated pairs of instances (see sedion 2). The seaond
conjuncts in the definition of Cdelay and Cbefore
formadize the “predictive” charader of delays and
qualitative relations between clases of events. For
example, given the onstraint between classes
Chefore(C1,C2), the observation of an instance of C1
implies the later occurrence of a rrelated instance of
C2. Finaly, the predicate EventClass is introduced in
CTL in order to dedare the dasses of events being
considered. Thus, in the example in Figure 1, we would
have (CTL2) below
(CTL2): EventClasqReservation),

EventClasqLab_Tests), EventClasqReport)

Thus, in our languege CTL, a KB of tempora
constraints between classes of events (CKB for short) can
be defined a a par <CKB_EventClass
CKB_Congtraints> (<CTL2,CTL1> in our example).

4 Hybrid  consistency
prediction)

checking  (no

If one has only constraints between classes, the fad
that they are dasssisirrelevant from the point of view of
temporal reasoning; they can be interpreted as primitive
(individual) events and standard temporal reasoning can
be performed on them (seg e.g., [2] as regards temporal
congtraints in general plans). On the other hand, hybrid
temporal reasoning takes in input a KB of tempora
congtraints between clases and a KB of tempora
constraints between instances, and gives as output the
upper and lower bounds on the distance between ead pair
of starting and ending points of instances (i.e., the
minimal network) or an inconsistency. The procedure
Integrated_Reasoning in Figure 2 deds with the case
(common in many applications) in which observations are
incomplete, i.e., instances of events can occur and not be
observed (i.e., not be present in the IKB).

Before performing hybrid temporal reasoning,
temporal constraints in the highlevel language ae
trandated into the crresponding b.o.d. constraints (steps
(1) and (2)). In step (3), Set NOW updates the constraints
in IKB_Constraints adding the @nstraint represented in

Axiom (Ax1)3. Then, temporal reasoning is performed
separately on instances and on clases (using the dl-
shortest-path algorithm on b.o.d. constraints [6], cdled
here Temporal_reasoning) to chedk whether ead one of
them is independently consistent and to infer the implied
temporal constraints sparately (see steps (4) and (5); let
BOD_IKB_Con' and BOD_CKB_Con' the resulting sets
of congtraints). Step (6) performs the transitive dosure of
correlation relations. The rest of the procedure deds with
the integration of the two levels of constraints. The basic
ideais that of inheriting (acordingly with the semantics
spedfied is ®dion 3.2) the temporal constraints between
classes on the instances of events, and then performing
temporal reasoning on instances (applying again the dl-
shortest-path algorithm) on the union of the inherited plus
the instances constraints. Step (7) implements the
inheritance of durations of events. All distances t <
End(E) - Start(E) < u between the ending point and the
starting point of an event classE must be inherited by all
the instances of the dass Thus, they are alded to the
congtraints in BOD_IKB_Con.  For ead pair of
correlated instances E1 and E2, Step (8) deds with the
inheritance of qualitative relations and delays from the
corresponding classes of events. Finally, step (9) performs
integrated reasoning at the level of instances, considering
also the mnstraints inherited from the dasses of events.
The procedure stops reporting an inconsistency if a cdl to
Temporal reasoning (steps 4, 5, and 9) findsit.

Procedure Integrated_Reasoning
(<CKB_EventClass CKB_Constraints>,
<IKB_Elements,IKB_Instance of, IKB_COR,
IKB_Constraints>)

(1) BOD_IKB_Con := Transform(IKB_Constraints);

(2) BOD_CKB_Con := Transform(CKB_Constraints);

(3) BOD_IKB_Con:=
Set NOW(BOD_IKB_Con,NOW);

(4) BOD_IKB_Con' :=
Temporal_reasoning(BOD_IKB_Con);

(5) BOD_CKB_Con':=
Temporal_reasoning(BOD_CKB_Con);

(6) IKB_COR := Closure(IKB_COR);

(7) Forall C1\ EventClasqC1) O CKB_EventClassA
t < End(C1) - Start(C1) < u 0 BOD_CKB_Con' do
Forall E\ Instance_of(E,C1) O IKB_Instance _of do

BOD_IKB_Con':=BOD_|KB_Con' [
{t<End(E) - Start(E) < u} od od;

3inour example, we have observed (the beginning o) LT2, but thereis
only the constraint before(LT1,LT2) concerning LT2 in IKB. Thus, in

the mapping on b.o.d., we have Sart(LT2) - X0 < oo, and the effect of
Set_ NOW isto change this constraint into Start(LT2) - X0 < NOW.

5



(8) Forall E1,E2 O IKB_Elements, E12E2\ COR(E1,E2)
Let C10 CKB_EventClassand
C10 CKB_EventClass the mrresponding classes
/* i.e., Instance of(E1,C1l) and Instance of(E2,C2) hold
*/
Istantiate on E1 and E2 the constraintsin
CKB_Constraints between C1 and C2
(9) Minimal_Network :=
Temporal_reasoning(BOD_IKB_Con);

Figure 2. Procedure Integrated_Reasoning

For example, let us apply Integrated Reasoning to
<CTL2,CTL1> and <ITL4,ITL2,ITL3,ITL1> described
above, suppasing that NOW=18/1/98 at 18:00. Step (7)
inherits the @nstraints on the duration of LT1 and LT2
(which must last between 30 minutes and 48 hours). Step
(8) inherits the delay of 1-7 days between correlated pairs
of instances of Reservation and Lab Tests. In the
example, and taking minutes as the basic granularity, this
corresponds to adding the cnstraints 30 < End(LT1)-
Sart(LT1) < 2880, 30 < End(LT2)-Sart(LT2) < 2880,
1440 < Sart(LT1)-End(RS1) < 10080, and 1440 <
Sart(LT2)-End(R2) < 10080 into the temporal
constraints between instances of events. The final
application of Temporal_reasoning does not deted any
inconsistency and provides, among the others, the
constraints that: LT1 starts on 15/1/98 at 9-9:30; LT2
starts between 15/1/98 at 10:00 and 171/98 at 10:20 and
ends between 15/1/98 at 11:00 and 191/98 at 10:20.

More generally, the foll owing property holds:

Property 1 The procedure Integrated Reasoning is
correct with respect to the logical semantics of the
temporal language we introduced in subsections 3.1 and
3.2

Proof (Sketch) The proof is based on the fad that all and
only the temporal constraints edfied by the semantics
of the onstructs in CTL (Cduration, Cdelay etc.) are
inherited at the level of instances of events (steps (7) and
(8)), and then corred and complete temporal reasoning is
performed at the level of instances of events via the dl-to-
all shortest path algorithm (step 9).¢

Given the proof sketched above,
Integrated_Reasoning is complete & regards consistency
chedking on the dassesin CKB plusthe instancesin IKB.
However, it does not consider the “ predictive” part in the
logicd semantics of delays and qualitative relations
between classes, since it does not add the predicted
(correlated) instances into the IKB. However, this is
reasonable in many applications. For example, in all the
applications where observations are incomplete (i.e.,
where Axiom Ax2 does not hold), prediction has no
impad on consistency cheding. In fad, even if the
predicted events dhould have occurred in the past (i.e.,
before NOW), not having them in the IKB does not imply

an inconsistency: maybe they occurred and were not
observed (inserted in the IKB). Thus, Property 2 holds:

Property 2 In the case of incomplete observations, the
procedure Integrated_Reasoning checks consistency in a
correct and complete way with respect to the logical
semantics of the temporal language.

5 Hybrid consistency checking (complete
observations)

In many applicaions, the “predictory” part of
temporal constraints between classes must be mnsidered.
For example, in applicaions where one can hypothesize
that observations are complete (i.e., Axiom Ax2 holds),
“prediction” must be used to deted inconsistency. In fad,
in such a cae, the @sence of the observation of an
instance of an event which, acwording to the mnstraints
among classs, should have drealy happened (and be
observed), gives an inconsistency. This can be mped with
as in Procedure Integrated Predictory Reasoning in
Figure 3. The procedure first cdls Integrated_Reasoning
(step 1) and then consider “predictions’. In the
procedure, we denote by CKB_Conneded(C) the set of
al clases in CKB that can be reated (diredly or
indirealy) from the dassC via some temporal constraint
(adelay or aqualitative relation; i.e., CKB_Conneded(C)
represent the set of classes correlated to C). This can be
eally computed a-priori by navigating the graph of
congtraints between clases (see Figue 1). Step (2)
implements the “prediction” of new instances. For eat
instance E in IKB, it considers al the dasses in
CKB_Conneded(Cg) which are mnneded to the dass
Cg of which E is an instance For ead one of these

classs (say C), it looks whether there is an instance of C
which is correlated to E in IKB. If there is not, in step

(21.1) Add_Instance(C, IKB_Elements,
IKB_Instance of, IKB_COR,E) returns a new instance I’
of C and inserts. I' into IKB_Elements, the relation

Instance of(I’,C) into IKB_Instance of, and COR(E,I')
in IKB_COR,; this amounts to creae anew instancel’ of
C correlated to E, acwording to the “ prediction” part of
the semantics of constraints between classes.

Then, in step (2.1.3), the transitive dosure of COR is
computed, and in 2.1.4 Inh _constr_inst is invoked to
consider all the mnstraints concerning (the starting and
ending points of) C in CKB, and to let I' inherit them
(inheritance here is analogous to steps (7) and (8) of the
procedure Integrated Reasoning). Step (3) exeautes
temporal reasoning on the resulting set of constraints.
Finaly, step (4), for ead one of the new instances |
introduced into the IKB (the instances in NEW_INST),
chedks whether the resulting constraints in the IKB imply
that | should have started necessarily before NOW. In
such a cae, an inconsistency is reported. NEC(KB,test)
cheks whether test is necessrily true given the
constraints in KB (i.e., if test is logically implied by KB;

6



considering the minimal network of a KB of bounds on
differences constraints, this can bedonein atimelinea in
thetime pointsin test [4]).

Procedure Integrated_Predictory_Reasoning
(<CKB_EventClass CKB_Constraints>,
<IKB_Elements,|IKB_Instance of, IKB_COR,
IKB_Constraints>)

(0) NEW_INST :=[0;

(1) Integrated_Reasoning (CKB,IKB);

(2) Forall E O IKB_Elementsdo

Let Ce O CKB_EventClassthe dass sich that

Instance of (E,Cg) U IKB_Instance of
Let CKB_Conneded(Cg) theset of al clasesin
CKB_EventClassconneded to Cg viatemporal
constraints
(2.1) Forall C O CKB_Conneded(CEg) do
if NOT (Exists E' such that
Instance of(E',C) O IKB_Instance of
A COR(E',E) O IKB_COR) then

begin
(21.1 I' := Add_Instance(C, IKB_Elements,
IKB_Instance of, IKB_COR, E);
(21.2)  NEW_INST :=NEW_INST O{I'};
(2.1.3) IKB_COR := Closure(IKB_COR);
(2.1.4) Forall bod0 BOD_CKB_Con concerning C

do Inh_constr_inst(bodBOD_IKB_Con’) od
end od od;
(3) Minimal_Network :=
Temporal_Reasoning(BOD_IKB_Con’);
(4) Forall | O NEW_INST do
If NEC(BOD_IKB_Con’, Before(start(l),NOW))
then INCONSISTENT; od;

Figure 3. Procedure
Integrated_Predictory Reasoning

Let us consider again our example. The procedure
above inserts two instances RP1 and RP2 of Report into
the IKB. RP1 is correlated to RS1 and LT1, and RP2 to
RS2 and LT2. Considering the inherited tempora
constraints, we infer that RP1 should start between 1 and
48 hours after the end of LT1, i.e., between 15/1/98 at
11:00 and 171/98 at 10:00, and RP2 should start between
15/1/98 at 12:00 and 21/1/98 at 10:20. In particular, the
starting point of RP1 must be between 15/1/98 at 11:00
and 171/98 at 10:00 and thus it is necessrily before
NOW (18/1/98 at 1800 in our example). Thus, an
inconsistency is deteded. In general, Property 3 holds:

Property 3

The procedure Integrated Predictory Reasoning checks
consistency in a correct and complete way with respect to
the logical semantics of the temporal language we
introduced in subsections 3.1 and 3.2.

Proof (Sketch) The proof is based on the fad that
Integrated_Reasoning is corred, and its incompletenessis

only due to the fad that it does not consider the
“predictive” part of the semantics of constraints between
clases, which is dedt with by sep (2) of
Integrated_Predictory_Reeasoning. Then corred and
complete temporal reasoning is performed at the level of
instances of events via the dl-to-al shortest path
algorithm (step 3). Finally, step 4 is needed to force the
fad that observations are complete (see Ax2), cheding
whether some predicted instance should have been
observed necessarily before now.+

6 Conclusions and Developments

In planning, workflows, guidelines, protocols and so
on, cheding whether the temporal constraints in a general
plan (protocol, guideline, workflow) are respeded by the
plan (protocol, guideline, workflow) instantiation is a
fundamental task. Such a task involves integrated
temporal reasoning considering both the temporal
constraints between the dases of events and the
(observed) temporal constraints between their instances.

The gproach in this paper is, to the best of our
knowledge, the first one propacsing a general-purpose and
domain-independent knowledge server suppating such a
task, thus providing a temporal corresponding of HKRS
systems. We think that the parall el between our approach
and HKRS systems [11] could give rise to new
interesting topics of research in temporal reasoning. For
example, a main isue in HKRS concerns the relation
between the expressveness of the terminologicd and the
assertional components [11], ranging from KL-ONE [3],
in which the terminologica component is very powerful
and expressve and the asertional one very limited, to
BACK [12], where the two components are balanced
from both the expressve and computational point of
view. Considering this isae, our approach is close to a
balanced BACK-like gproach. However, as in the
reseach about HKRS's, a lot of work should be done in
order to extend the dasses and/or the instances langueges
and the temporal reasoning feaures (for the sake of
simplicity, we airrently adopted very simple STP-based
languages, whose expressve limitations are well known
within the temporal reasoning community), and
considering the trade-off between expressve power and
the complexity of (complete) reasoning.

Moreover, some HKRS have been extended with an
Inferential Box, containing formulae or rules operating
on the assertional component (consider, e.g., the I-Box in
BACK [13]). Analogoudly, in our approach, one could
introduce a further component, which manages the
(domain and applicaion dependent) rules which spedfy
the correlation relations between instances of events.
Finaly, the integration of our approach with a dasscd
HKRS (e.g., BACK) to represent the internal description
of clases and instances of events (using concepts and
roles) and to exploit the dasdficaion and redization
fadlities would be interesting. In such an extended
approach, one ould use (in the I-Box rules) the
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descriptions of the dasses of eventsin T-Box in order to
infer, e.g., correlation?.

Finaly, it would be interesting to extend the gproach
in this paper in order to cope with cases where aone-to-
one mrrespondence between events cannot be asumed
(e.g., coming bad to the example in Figure 1, where the
same reservation can be used for more than one
laboratory test). Furthermore, we think that our approac
is sitable to be extended in order to use @nstraints
between classes as basic knowledge to be evaluated a
priori, and to be used to chedk consistency in an
incremental way whenever new (constraints on) instances
are alded (e.g., to ded with least commitment temporal
planning).

To conclude, we nceve our hybrid temporal
ressoner as a domain and task independent knowledge
server to be loosely couded with other systems and
problem solvers to ded with different problems in
different areas (following the lines which have been
pointed out by many applicaions of HKRS [11,15] and
eg., by [15 as regards applicdtions of temporal
managers deding with instances only). Currently, we ae
studying to loosely couple our hybrid temporal manager
with GLARE, a system for managing clinicd guidelines
we developed in cooperation with the physicians of
Azienda Ospedaliera S. Giovanni Battista of Torino, Italy

[8,17).
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