Artificial Intelligence for Engineering Design, Analysis and Manufacturi@§99, 13, 105—117. Printed in the USA.
Copyright © 1999 Cambridge University Press 0890-08®$12.50

Representing a robotic domain using temporal
description logics

ALESSANDRO ARTALE! ANp ENRICO FRANCONF
Y TC-IRST, I-38050 Povo TN, Italy
2Computer Science Department, University of Manchester, United Kingdom

(RECEIVED June 15, 1998REvVIsED July 14, 1998 AccepTED November 16, 1998

Abstract

Atemporal logic for representing and reasoning on a robotic domain is presented. Actions are represented by describ-
ing what is true while the action itself is occurring, and plans are constructed by temporally relating actions and world
states. The temporal language is a member of the family of Description Logics, which are characterized by high ex-
pressivity combined with good computational properties. The logic is used to organize the domain actions and plans in
a taxonomy. Theclassificationand recognitiontasks, together with theubsumptiortask form the basis for action
management. An actigiplan description can be automaticatliiassifiedinto a taxonomy; an actiofplan instance can
berecognizedo take place at a certain moment from the observation of what is happening in the world during a time
interval.

Keywords: Action Representation; Description Logic; Temporal Logic; Robotics

1. INTRODUCTION course of the world while the action occurs. Concurrent or

o . overlapping actions are allowed: effects of overlapping ac-
In the Description Logit literature, several approaches for tions can be different from the sum of their individual ef-

representing and reasoning with time-dependent CONCepig (s: effects may not directly follow the action but more
have been proposed. Here the usefulness of a temporal d@()mplex temporal relations may hold.
scription logic to represent actions and plans in a robotic ap, interval temporal logic is presented based on descrip-

domain is illustrated. , tion logics and inspired by the works of Schmied®990
The most common approaches to model actions are baseg,§ of \Weida and Litmanl992. Advantages of using de-

on the notion obtate changgfor example, the formal mod-  grintion logics are their high expressivity combined with
els based on the originaituation calculusMcCarthy &  gegjrable computational properties—such as decidability,

Hayes, 1969; Sandewall & Shoham, 1994 the STRIPS- 5 ndness and completeness of reasoning procetDres
like planning systemsFikes & Nilsson, 1971; Lifschitz, pinj g Era, 1992; Buchheit et al. 1993; Donini, Lenzerini,

1987 —in which actions are generally considered instantaNardi’ etal. 1994: Schaerf, 1994: Donini, Lenzerini, Nardi,
neous and defined as functions from one state to another Ry, 5| 1995, To represent the temporal dimension, classical
means of pre- and postconditions. In the logic presented hergescription logics are extended with temporal constructors:
an explicit notion of time is introduced in the modelling 1an- 5 a uniform representation for states, actions, and plans
guage and actions are definedagsurring over time inter- s nravided. In this framework statedescribes a collection
vals following the Allen proposalAllen, 1991. In this  q¢oronerties of the world holding at a certain timetions
formalism an action is represented by describing the time, e yapresented through temporal constraints on world states,
which pertain to the action itselPlansare built by tempo-
Reprint requests to: Alessandro Artale, ITC-IRST, 1-38050 Povo TN, r.a”y relatlng act|on_s _and St{ites' Furthermore, the d|St!nC'
Italy. E-mail: artale@irst.itc.itf E. Franconi’s e-mail: Franconi@cs. tion made by description logics between the terminological

man.ac.uk . - and assertional aspects of the knowledge allows us to de-
3Description Logics have been also callEchme-Based Description

LanguagesTerm Subsumption Languag@®rminological LogicsTaxo- scribe actions E.md plans at' ar? gbstractlle(%tlon/plan
nomic Logics Concept Languagesr KL-ONE- like languages types and at an instance levehdividual actions and plans
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This work is motivated by the research and developmengether with a formal definition of the subsumption and in-
of a hybrid knowledge representation system that should bstance recognition problems. Results about the sound and
able to represent states, actions and plans in the robotic deemplete calculus for the temporal language are summa-
main of the integrated system MAIgAdvanced Model of rized in Appendix B.

Artificial Intelligence). MAIA is a project initially devel-

oped at IRST that concerns a robot which moves around the

IRST offices to transport objects, essentially papers and- AN INTRODUCTION TO DESCRIPTION
books. In our framework the robot has a box that contains LOGICS

the transported objects. It can distinguish between roomp, this section we give a brief introduction to the formal

and corridors while moving around, and between doors alongramework of Description Logics. The presentation of the

a corridor and studio doors. All these distinctions are rec- . . oo
. . ) . R formal apparatus will strictly follow the formalism intro-
ognized by a continuous sensing. This domain is similar to

. ) duced by(Schmidt-Schaufd & Smolka, 1994and further
the one studied by Kabanza, Barbeu, and St-D&#S7). elaborated byHollunder & Nutt, 1990; Donini, Lenzerini,
The robot hasactuatorsto perform the elementary ac-

tions. The elementary actions are to ask for a permission tlél)ardi, etal., 1991; Donini etal., 1992; Buchheitetal., 1993;
' . . onini et al., 1994, 1995; De Giacomo & Lenzerini, 1995,
gper) a studio door, open a door, clqse a door., open Its 0Wf996): in this perspective, Description Logics are consid-
olding box, and to move along corridors and inside rooms; . .
ered as astructuredfragment of predicate logicALC

There are also exogenous actions that_ are under the hum chmidt-Schauf & Smolka, 199is the minimal Descrip-
control. These last actions model the interactions betwee C ; . . . .
ion Logic including full negation and disjunction, that is,

the robot and the human beings and are of two kinds. The e
propositional calculus.

first is consequent to the request made by the robot to opeh The basic types of a description language eacepts

a studio door: the human acknowledge the robot request b%les andfeaturesA concept is a description gathering the

allowing or negating the door opening. The second has to ; . L0
9 gating P 9 common properties among a collection of individuals; from

occur during the robot release action to take away the trans=, . . s . .
logical point of view it is a unary predicate ranging over

ported object from the robot box: the accomplishment of ) o . .
. o . . the domain of individuals. Properties are represented either
this action is monitored by the human closing the robot box

In this environment, thesubsumptiorcalculus, that is, by means of roles, which are interpreted as binary relations

the superconcepsubconcept relation, is the main reason_associating to individuals of a given class values for that
. b b - . property or by means of features, which are interpreted as
ing tool offered by the representation system for managlngf . o Lo . :

. ; . unctions associating to individuals of a given classmgle
collections Of. acthn and plan types. Action and plan type_zs alue for that property. In the following, we will consider
can be organized in a subsumption-based taxonomy, whic he languaged£CZF (Hollunder & Nutt 1’990 extending
plays the role of an actiofplan library to be used for the ' '

tasks known in the literature as plan retrieval and individ—Aiixﬁzifneaigr?sg 'E'gtuar:ftr'uolgzl (;?lﬁ?s ure 1LCF con-
ual plan recognition(Kautz, 1991; Devanbu & Litman, g y 9

: o L cepts(denoted by the lettei@ andD) are built out ofatomic
1996. A refinement of theplan recognitionnotion is pro- ;
e : conceptgdenoted by the lettek), atomic rolesdenoted by
posed, by splitting it into the different tasks pfan de- .
o o . o the letterP), andatomic featuregdenoted by the letter).
scription classificatioa—involving a plan type—andpecific ! L
o . o The syntax rules are expressed following the tradition of
plan recognition with respect to a plan descriptien description logics: they can be read as, for exampl§&; if
involving an individual plan. According to the latter rea- P gics: they ' P

soning task, the system is able to recognize which type of
action/plan has taken place at a certain time interval, given
a set of observations of the world. A

. . . . tomi t
The paper is organized as follows. After introducing the (atomic concept)

. . . . T
main features of description logics in Section 2, the tempo- 1 : Et)?)lgom)
ral languageZL- ALCFis introduced in Section 3. The lan-
g : : -C' | (complement)

guage syntax is first described, together with a worked out . .

. . s . CnD| (conjunction)
example illustrating the informal meaning of temporal ex- L .

. . L CUD | (disjunction)
pressions. Section 4 shows that the temporal language is suit- . .
ble f " dol tati d inain th VP.C| (universal quantifier)

able for action and plan representation and reasoning in the JP.C|  (existential quantifier)

robotic domain. Section 5 surveys the literature of exten-
sions of description logics for representing and reasoning
with time and actions. This Section is concluded by a com-
parison withState Changéased approaches by briefly il-

lustrating the effort made in the situation calculus area to
temporally extend this class of formalisms. Section 6 makes
some conclusions and shows future directions. Appendix A
reveals the model theoretic semantics7af- ALCF, to- Fig. 1. Syntax rules fotA£CF Description Logic.

p:C| (selection)
plql (agreement)
pTgq|  (disagreement)
p 1 (undefinedness)
pg — [ (atomic feature)

pogq (path)
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T = AT true
1T= 9 false
(-0 = AT\ (7T ~Fe ()

(¢nD)f = Cc*nD* Fe(v) A Fp(v)

(CuD)f = Cc*tuD? Fe(y)V Fp(y)

(3P.C)T = {a€ AT |3b.(a,b) € PP Abe CT} Jz.Fp(vy,z) A Fo(x)

(VvP.C) = {a € AT |Vb.(a,b) € PT = be CT} Va.Fp(y,z) = Fo(x)

(p:C)t {a € domp? | p*(a) € C*} 3z.F,(v,z) A Fo(x)

plqt = {a € dom p* N dom g¢* IpZ(a) = ql(a)}

(HIII.FP(’Y,.T) A Fq(%iﬂ))/\
(Var, y Fp(v,2) A Fy(7,9) = z = )

ptq’ = {a€domp’ Ndomg® | pZ(a) #¢*(a)}  (3w,y.Fp(y,2) A Fy(v,y))A
(Va,y. By (v, @) A Fy(v,y) = o # y)
(p1) = AT\ domp® —3z.Fp(v, )
(po q)I = pIo qZ Bx.Fp(a,x) A Fq(;L',,B)

Fig. 2. The extensional and transformational semanticg GCF.

andD are concept expressions thém D is a concept ex- on the left-hand side of any terminological axiom is called
pression, too. aprimitive conceptWe consideacyclic simpléTBoxes only:

Let us now consider the formal semantics of the descripa defined concept may appear at most once as the left-hand
tion logic. We define theneaningof concept expressions as side of an axiom, and no terminological cycles are allowed,
sets of individuals—as for unary predicates—and the mearthat is, no defined concept may occur—neither directly nor
ing of roles as sets of pairs of individuals—as for binaryindirectly—within its own definition(Nebel, 199]. An in-
predicates. Formally, anterpretationis a pairZ = (A%, -7)  terpretationZ satisfies A= C if and only if A” = CZ.
consisting of a ses” of individuals(the domainof Z) and As an example of the expressive powerdfCF, we can
afunction-7 (theinterpretation functiorof Z) mapping ev-  consider the unary relatidie., a conceptdenoting the class
ery concept to a subset af , every role to a subset af x of Researchers , defined using the atomic predicates-

A%, and every feature to a partial function framd to A”,  ployee , Professor , Article , Journal , Confer-

such that the equations of the left column in Figure 2 areence (concepty WRITTEN-PAPERrole) andHAS-HEAD
satisfied. The semantics of the language can also be giveRUBLISHED(feature$:

by stating equivalences among expressions of the language

and First Order Logi¢FOL) formulae. An atomic concept Researcher
A, an atomic roleP, and an atomic featurg are mapped
respectively to the open formukséy), P(«,B), and

f (a, B)—with f a functional relation, also writtef{«) = 8.
The rightmost column of Figure 2 gives the transforma-
tional semantics ofALCF expressions in terms of equiva-
lent FOL well-formed formuleae. A concef, a roleP and a
pathp correspond to the FOL open formulgg(y), Fp(«, B),
andF,(a, B), respectively. It is worth noting that, using the
standard model-theoretic semantics, the extensional sem
tics of the left column can be derived from the transforma-
tional semantics of the right column.

A terminologyor TBoxis a finite set ofterminological
axioms For an atomic concept—calleddefined concept
and a(possibly complex conceptC, a terminological ax-
iom is of the formA = C. An atomic concept not appearing

= Employee M (HAS-HEAD: Professor
(OWRITTEN-PAPERT) M
OWRITTEN-PAPERArticle M
PUBLISHED :(Journal LI Conference ))

)

that is, a researcher is an employee with a headctly
one)), who wrote at least one paper, and all of this papers
are articles published in some journal or conference.
An ABoxis a finite set ofassertional axiomghat is, pred-
ications on individual objects. L&? be the alphabet of sym-
ols denotingndividuals an assertion is an axiom of the
form C(a), R(a,b) or p(a,b), wherea andb denote individ-
uals inO. The interpretatiod is extended over individuals
in such a way thaa” € A’ for each individuah € O, and
a’ # b’ if a# b (uniqgue name assumptiprC(a) is satis-
fied by an interpretatiod iff a” € C*, P(a,b) is satisfied
by 7 iff (a%,b?) € PZ, andp(a,b) is satisfied byZ iff
p*(a’) = b”.
A knowledge basks a finite set, of terminological and
_ _bTerminolo_gicaI axioms ofthefc_)rrAéCimposing only necessary ¢on-  gssertional axiomé_e_,E = (TBox ABOX)). An interpreta-
ditions on the interpretation of the introduced concepts can be rewritten af . delof a k led b iff . f
A =: A" C, where the newly introduced concept naAiestands for the an 1 'S_ a_mo elof a knowledge bask iff every axiom o
absent part of the definition d&. 3 is satisfied byZ.
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Let us describe now the basic reasoning services proRelation Abbr. Inverse i j
vided by a DL-system. Fror does notlogically follows
thatC = O (written> & C = [) if there exists a modef of ~ before(i.7) b a
3 such thatC” # J: we say thatC is satisfiableand we meets(i. ) N i
indicate this reasoning problem asncept satisfiability> -
logically implies DC C (writtenS £ D C C) if DY € CY  overlaps(i,j) o oi —
for every model of: we say thaD is subsumetby C in3.
The reasoning problem of checking whetBeis subsumed  starts(i, j) s si
by Cin ¥ is calledsubsumption checkinyVe writeX F to during(i. d g
indicate the problem of checking whettehas a model, a  **""8(") '
problem callekknowledge base consistengylogically im-  fiishes(i, ) f 6
plies C(a) (written s E C(a)) if aZ € C* for every model
of 3: we say that is aninstanceof C in 3. The reasoning Fig. 3. The Allen’s interval relationships.

problem of checking whethex is aninstanceof Cin X is

calledinstance checkindNotice that for propositionally com-

plete languages we have tiat D C Cif and only if 3 E can be represented in a uniform way by temporally related
DM-C=0andX k C(a)ifandonly if> U {=C(a)} . In  conceptdresp. individuals

other words, subsumption can be reduced to satisfiability For the basic temporal interval relations the Allen nota-
and instance checking to knowledge base consistency. tion (Allen, 1991 (Fig. 3) is used: beforéb), meets(m),

An acyclic simple TBox can be transformed intoext  during (d), overlaps(o), starts(s), finishes(f), equal(=),
pandedTBox having the same models, where no definedafter (a), met-by (mi), contains(di), overlapped-by(oi),
concept makes use in its definition of any other defined constarted-by(si), finished-by(fi). Concept expressior(glenot-
cept. In this way, the interpretation of a defined concept ined by C,D) are syntactically built out oatomic concepts
an expanded TBox does not depend from any other define@lenoted byd), atomic featuresdenoted by ), atomic para-
concept. It is easy to see tHatis subsumed b in 3 with metric featuregdenoted byxg), atomic roles(denoted by
an acyclic simple TBox if and only if the expansionDBf P), andtemporal variablegdenoted by,Y). Temporal con-
(w.r.t. 2) is subsumed by the expansion Gf(w.r.t. 3) in cepts(C, D) are distinguished from nontemporal concepts
3" ={(,ABox (i.e., the knowledge base with an the empty (E, F), following the syntax rules of Figure 4. Names for
TBox). The expansion procedure recursively substitutes evatomic features and atomic parametric features are from the
ery defined concept occurring in a definition with its defin- same alphabet of symbols; thesymbol is not intended as
ing expression; such a procedure may generate a TBoaperator, but only as differentiating the two syntactic types.
exponential in size, but it was provéNebel, 1990 that it Temporal variables are introduced by the temporal ex-
works in polynomial time under reasonable restrictions. Inistential quantifier ¥"—excluding the special temporal
the following we will interchangeably refer either to rea- variable#, usually calledNOW, and intended as the refer-
soning with respect to a TBox or to reasoning involving ex-ence interval. Variables appearing in temporal constraints
panded concepts with respect to an empty TBox. (Tc) must be declared within the same temporal quantifier,

with the exception of the special varialileTemporal vari-

ables appearing in the right-hand side of an “@” operator
3. THE TEMPORAL DESCRIPTION LOGIC are calledbindable Concepts must not includenbound
(a.k.a.free)bindable variables. Informally, a bindable vari-

here(Artale & Franconi, 1994, 1998This language is com- able is said to b@ound|r_1 a cpncept iFitis decl_areq . )
nearest temporal quantifier in the body of which it occurs;

posed of the temporal LogiZL—able to express. |n.terval . this avoid the usual formal inductive definition of a bound
temporal networks—and the nontemporal description logic . . .
variable. Moreover, in chained constructs of the form

ALCF. ((CLY,1@X,)[Y,]@X, ...) nonbindable variables—that is,
the ones on the left-hand side of an “@” operator—cannot
3.1. Syntax appear more than once. Note that, because Description Log-
ics are a fragment of FOL with one free variable, the above-
Basic types of the language arenceptsindividuals tem-  mentioned restrictions force the temporal side of the
poral variables andintervals Concepts can describe enti- language to have only one free temporal variable, that is,
ties of the world, states, and events. Temporal variableshe reference timé.
denote intervals bound by temporal constraints, by means As usual, terminological axioms for building simple acy-
of which abstract temporal patterns in the form of con-clic 7£-ALCF TBoxes are allowed. While using in a con-
straint networks are expressed. Concémsp. individuals  cept expression a hame referring to a defined concept, it is
can be specified to hold at a certain temporal varigitgep.  possible to use the substitutive qualifier construct, to im-
interval. In this way,action typegresp.individual actions)  pose a coreference with a variable appearing in the defini-

The temporal languag@l-ALCF is the logic considered
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TC C,D — FE| (non-temporal concept)
cnbD| (conjunction)
cax | (qualifier)
ClY|Qx | (substitutive qualifier)
O(X) 1e.C (existential quantifier)

T - (X (RY)] (temporal constraint)

(X (R) W) |
(§ (R) Y)

T - T|*TE

RS - R,S| (disjunction)

s|mi|f|... (Allen’s relations)
XY - xl|ylz]|... (temporal variables)
X -5 X|XX
ALCF| E,F — A (atomic concept)
T (top)
1| (bottom)
-E | (complement)
ENF| (conjunction)
EUF| (disjunction)
VP.E | (universal quantifier)
JP.E | (existential quantifier)
p:E| (selection)
plql (agreement,)
ptaql (disagreement)
pT (undefinedness)
p,g — f] (atomic feature)
*g | (atomic parametric feature)
pogq (path)

Fig. 4. Syntax rules for the interval Description LodiC- ALCF.

Basic-Open(DOOR)

3 >
Open-Door
f
—0pened (DOOR) Opened (DOOR)
-~ — < ; >

Fig. 5. Temporal dependencies in the definition of Besic-Open  action.

the individuala is in the extension of the concept at the
intervali. If a conceptis intended to describe an action, then
its interpretation can be seen as the set of individual actions
of that type occurring at some interval.

Within a concept expression, the speciélvariable de-
notes the current interval of evaluation; in the case of ac-
tions, it is thought that it refers to the temporal interval at
which the action itselbccurs The temporal existential quan-
tifier introduces interval variables, related to each other and
possibly to thef variable in a way defined by the set of
temporal constraintsTo evaluate a concept at an interval
X, different from the current one, it is necessary to tempo-
rally qualify it at X—written C@X; in this way, every oc-
currence of embedded within the concept expressis
interpreted as th& variable® The informal meaning of a
concept with a temporal existential quantification can be
understood with the following examples, defining the
Basic-Open elementary action:

Basic-Open = Open-Door M
O(xy) (xo#)(xby)(#oy).
((*xDOOR:~ Opened)@x 1
(xDOOROpened) @y).

tion associated to the defined concept. The statement
C[Y]@X constrains the variabl¥, which should appear in Figure 5 shows the temporal dependencies of the intervals

the definition of the defined concefi, to corefer withX

in which the concepBasic-Open holds.Basic-Open

(see Section 4.2 for an examplé drawback in the use of denotes, according to the definitidga terminological axi-
this operator is the requirement to know the internal syn-om), any action occurring at some interval involving a
tactical form of the defined concept, namely, the names okDOORhat was onceclosed(i.e., = Opened) and then

its temporal variables.

Let © andOT be two alphabets of symbols denotiimg

Opened as an effect of the actuation of the elementary ac-
tion Open-Door . Thet#interval could be understood as the

dividuals and temporal intervals respectively. An asser- occurring time of the action type being defined: referring
tion, that is, a predication on temporally qualified individual to it within the definition is an explicit way to temporally

entities, is a statement of one of the for@§,a), P(i,a,b),

p(i,a,b), »g(a,b), R(i,j), whereC is a conceptP is a role,
p is a featurexg is a parametric featur® is a temporal
relation,a and b denote individuals ir®, i, andj denote

temporal intervals irOT.

3.2. Informal semantics

Let us now informally see the intendetkaningf the terms
of the language/L- ALCF (for the formal details see the

relate states and actions occurring in the world with respect
to the occurrence of the action itself. The temporal con-
straints(x o #), (X b y), and(# o y) state that the interval
denoted by overlapsthe interval denoted bi—the occur-
rence interval of the action tyfggasic-Open —and isbe-

fore y, while # overlaps y The parametric featureDOOR
plays the role oformal parameter of the action, mapping
any individual action of typéBasic-Open to the actual
door to be opened, independently from time. Please note

appendle Concept expressmns are mterpreted over paII’S °Because any concept is implicitly temporally qualified at the spécial

of temporal intervalsandindividualsi,a), meaning that

https://doi.org/10.1017/50890060499132050 Published online by Cambridge University Press

variable, it is not necessary to explicitly qualify concepts. at


https://doi.org/10.1017/S0890060499132050

110 A. Artale and E. Franconi

that, whereas the existence and identity oD ORs time Cross-Studio -

invariant, it can be qualified differently in different inter- Rl -

vals of time, for example, theDOORs necessaril{ppened Move

only during the interval denoted by 3 >
An assertion of the typ®8asic-Open (i,a) states that  gpen-Studio

the individuala is an action of the typ8asic-Open oc- - >

curred at the interval. Moreover, the same assertion im-
plies thata is also of typeOpen-Door at the occurrence
time i, and it is related to aDOOR say d, which is

- Opened at some intervaj, overlappingi, and Opened

at another interval, overlapped by and after;.

Fig. 6. Temporal dependencies in the definition of mss-Studio
plan.

Open(i.e.,Open-Studio is subsumed bBasic-Open
Basic-Open (i,a) = Open-Door (i,a) 0 Od. xDOORa,d) O written Open-Studio T Basic-Open ) because addi-
0j,l. (-Opened(j,d) OOpened(l,d) O tionally the robot must check for a permission prior to
o(j,i) Oo(i,1) Oa(l,j)) execute theBasic-Open elementary action in order to
open the door of a studio. According to the given definition,
An individual action is an object in the conceptual domainbecause is simultaneous to the occurring time bfove,
associated with the relevant properties—or states—of thevery occurrence ofross-Studio s also aMove oc-
world affected by the individual action itself via a collec- currence, that is, it can be deduced that crossing a studio is
tion of features moreover, temporal relations constrain time a more specific plan than the one for movit@ross-
intervals imposing an ordering in the change of the states oftudio T Move).
the world. The definition of a plan can be reused within the defini-
tion of other plans by exploiting the full compositionality
of the language. Th€ross-Studio  plan defined above
is used in the definition obeliver-In-Studio
In the following Section examples of action, plan, and state _
representations are introduced with the aim of showing th&€llver-In-Studio
applicability of our framework.
A state is a collection of properties of world objects hold-
ing at a certain time. An action description represents how

the world state may evolve in relation with the possible oc-|, this case, precise temporal relations between the nodes
currence Of the aCtion |tse|f We assume that elementary a(b'f two Corresponding tempora' Constraint networks are as-
tions directly correspond to robot executable actions, anderted: for example, the actielease takes place strictly
that states may be sensed by the robot thru time. A plan is gfter the Move action of theCross-Studio plan (see
complex action: it is described by means of temporally reFig. 7, where the plagross-Studio  is expandeyl

lated world states and simpler actions. Plans are always A plan subsumindDeliver-In-Studio is the more
grounded on a set of elementary executable actions. general plan defined beloeliver , supposing thatthe ac-
tion Cross subsume€ross-Studio . This means that
among all the individual actions of the typeliver  there

are allthe individual actions of typggeliver-In-Studio

4. REPRESENTING THE ROBOTIC DOMAIN

=0o(vw 2 (vsH) (v mw) (Wb z)(zf#).
(Open-Request @v M
Cross-Studio  @w 1
Release @z)

4.1. Representing the domain plans

Let us introduce the plan for crossing a studio door:
Deliver = O(w2) (w(s.d)#) (Wb 2)(zf#).

Cross-Studio = OX(x o #). (Open-Studio  @x N Move) (Cross @w 1 Release @z)

Figure 6 shows the temporal dependencies of the intervalset Us now consider a different definition for theeliver
in which the concepCross-Studio  holds. The defini- Plan:
tion uses thée interval to denote the occurrence time of the

plan itself; in this way, it is possible to describe how differ-

ent actions or states of the world appearing in the definition

of the plan are related to it. In tH@ross-Studio ~ exam-  thenpeliverl  does not subsume anymoBeliver-

ple, theMove action should take place at the same time ofjn_studio  because the temporal networks have incom-
plan itself, while the action that opens the studio door musharaple temporal relations with respect to the temporal

overlap it. To move inside the room, the robot must holdyariaplew. In fact, from the above definitions we can derive:
open the door while it moves inside, so the two actions

Open-Studio  and Move must overlap. We assume that Deliverl  C Deliver
the Open-Studio  action is a specific kind oBasic- Deliver-In-Studio C Deliver

Deliverl = 0wz (w(s)#)(wb z)(zf#).
(Cross @w M Release @z)
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Deliver-In-Studio

——
<

Y

f
Open-Request Cross-Studio Release
T T w g oz "
Move
Y
Open-Studio
-~

T

Fig. 7. Temporal dependencies in the definition@éliver-In-Studio

but not: (xPAPEROWNER xHUMAN@y indicates that at the inter-
val y the xHUMANbossesses thePAPER The formal def-
Deliver-In-Studio C Deliverl inition of the actionRelease is:

Release = O(xyrtvw2 (xmy)(xow)(rs#(rbw)(tmié#)
(v o#)(v mw)(wf#)(zmit).

As a further example of the expressive power of the tem- ((«PAPER On-Robot )@x 1

poral language, it is now shown how to representRiee (*PAPER ~On-Robot 1

lease action. In our domain a releasing action involves a *PAPEROWNER: xHUMANGY 1
Open-Box @r 1M

4.2. Representing the domain actions

paperand ahuman beinghat should own the paper. The (xBOX-DOOR~Opened)@t 1

action is successful if the human being is not busy, the pa- (*HUMANFreé )@v 1 (xHUMANBUSY ) @w I

per is inside the robot box, and the robot actuates the ele- (*HUMANFree )@2)

mentary action that opens the box; at the end, the paper is

owned by the human beingig. 8). The above-defined concept does not state which proper-

Action parameters are represented by means of partigles are the prerequisites for the releasing action or which
functions mapping from the action itself to the involved properties must be true whenever the action succeeds. The
action parameter. In the language, these functions are calleghfinition states that whenever the human is free and the
parametric featuresFor example, the actioRelease has  paper is into the robot box the robot can carry out the open-
the parametersHUMANInd+«PAPER representing in some  jng of the box which starts the release action itself. After
sense the objects that are involved in the action indepensome human activity, the paper is no more into the robot
dently from time. So, in the assertiorWPAPERa,  pox but it is owned by the human. The end of the release
paperl)”, paperl denotes the requested paper involved inaction is set by the closure of the robot b@n action ex-
the actiona at any interval. On the other hand, an asser-qcyted by the human during its activitjote that the world
tion involving a (nonparametrig feature, for example, states described at the intervals denotedjoy, z are the
“OWNER papetl, john),” does not imply anything about esylt of an action which is not under the robot controls that

the truth value at intervals other than has been generically callétuman-Activity

The concept expression, which definesRedease ac-
tion, makes use of temporal qualified concept expressions,yyman-Activity = o(x w 2) (x 0 £ (x m w) (w f £ (z mi #).
including featureselectionsand agreementsThe expres- (*HUMANFree )@x 1
sion(xPAPER On-Robot )@x means that the paper should (xHUMANBuUSY )@w
be inside the robot box at the interval denotedxbwhile (*HUMANFree )@z)

Release (HUMAN,PAPER)

<
¢ n >

Open-Box —0Opened (BOX-DOOR)
7 > =
Free (HUMAN) Busy (HUMAN)  Free (HUMAN)
v —— s
On-Robot (PAPER) (OWNER (HUMAN,, PAPER) A—0On-Robot (PAPER) )
= ——y

Fig. 8. Temporal dependencies in the definition of fRelease action.
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The Release action can be redefined by making use of for ani, such thaff(ig,i,). Thus, the robot observations of

the Human-Activity action definition:

Release = O(xyrtvu (xmy)(xou)(rs#(rbu)(tmit)

(vo#)(v(s.d,0)x) (Uuf#).

((xPAPER On-Robot )@x M
(xPAPER = On-Robot 1M
*PAPEROWNER: *HUMANDQy M
Open-Box @r M
(xBOX-DOOR-Opened)@t 1
(Human-Activity ~ [x]@v)@u)

The temporal substitutive qualifigHuman-Activity
[x]@v) renamesthe variablex to v within the defined
Human-Activity action. It has to be understood as a way

the world are explained by means of understanding the kind
of actions which are occurring.

4.3. Representing the domain world states

States of the world if£- ALCF are described by using the
expressive but still decidable description langua&CF.

In our domain, the fact that every location is a room or a
corridor which are in turn disjoint concepts is captured by
the following definitions:

Location = (RoomL! Corridor )
Rooms - Corridor

of making coreference between two temporal variables INA door is described as something that connects two differ-

troduced by different temporal networks, while the re-
named variabldx in this examplg inherits the temporal
constraints of the substituting interv@alin this cas¢ Fur-
thermore, the effect of temporally qualifying the human ac-
tivity at u is that the# variable associated to the human

ent locations:

Door = xINSIDE :Location M1 xOUTSIDE: Location 1
*INSIDE T «OUTSIDE

activity—referring to the occurrence time of the action Note that we used parametric features in the above defini-

itself—is bound to the interval denoted loy Because of

tion to enforce that each of the connecting locations of a

this binding on the occurrence time of the human activity,door remains the same along time. Finally, a studio door is

thet variable in theRelease action and the variable in
the Human-Activity action denote different time inter-
vals, so that the human activity occurs at an interval finish-

ing the occurrence time of the release action.

Now it is shown how action recognition can be per-

a kind of door that connects a room with a corridor:

Studio-Door = Door M xINSIDE : Roomrl
xOUTSIDE: Corridor

formed from a series of observations of the world state senseg§l REL ATED WORKS

by the robot in the environment. This task is caltgxicific
plan recognition with respect to a plan descriptidrhe fol-

The original formalism devised by Alle(L991) forms, in

lowing ABox describes a situation in which papers can pdts basis, the foundation for our work. It is a predicate logic
into the robot box, or owned by a person, while a persorin Which interval temporal networks can be introduced, prop-
can be free or he can be doing some activity, and in whict@rties can be assertedttold over intervals, and events can

some unknown generic individual actienis taking place
at time intervali, havingjohn, bd, andpape as its actual

parameters:

*HUMARR, john), xPAPERa, paperl), xBOX-DOORy, bd)
o(iy,i,), On-Robot (i,,paper),

mi(i,,i;), = On-Robot (i,,paperl), OWNER,, paperl,john)

s(ig,iy), b(is,ig), Open-Box (i, a),
mi(i,,i,), ~Opened(i,, bd),
o(is,iy), m(is,ig), Free (is,john),
f(ig,ia), Busy (ig,john),

mi(i,i,), Free (i;,john).

In the context of a knowledge baseomposed by the above
ABox and the definitions of th&kelease and Human-

be said tooccurat intervals. His approach is very general,
but it suffers from problems related to the semantic formal-
ization of the predicatehold andoccur (Blackburn,
1992. Moreover, computational properties of the formal-
ism are not analyzed. The study of this latter aspect was, on
the contrary, our main concern.

In the Description Logic literature, other approaches for
representing and reasoning with time and action were pro-
posed. In the beginning the approaches based on an explicit
notion of time are surveyed, and then the STRIPS-like ap-
proaches. This Section ends by illustrating some of the ap-
proaches devoted to temporally extend the situation calculus.

Weida and Litmar(1992, 1994 propose T-REX, a loose
hybrid integration between Description Logics and con-

Activity concepts in the TBox as given above, the Sys_straint networks. Plans are defined as collections of steps

tem deduces that, the individual actiais of typeRelease

at the time interval,, that is,
S F Release (i, a),
and that

3 F Human-Activity  (ip,a)
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together with temporal constraints between their duration.
Each step is associated with an action type, represented by
a generic concept in K-REP—a nontemporal Description
Logics. Thus, a plan is seen apkan network a temporal
constraint network whose nodes, corresponding to time in-
tervals, are labeled with action types and are associated with
the steps of the plan itself. A structural plan subsumption
algorithm is defined, characterized in terms of graph match-
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ing, and based on two separate notions of subsumption: pureh the original framework to represent properties and actions
terminological subsumption between action types labelindaving different truth values depending not only on the sit-
the nodes, and pure temporal subsumption between intervahtion but also on time. The work of Reitgr996), moving
relationships labeling the arcs. The plan library is used tdrom the results showed by Pint®994) and by Ternovskaia
guide plan recognitiofWeida, 1995, 1996in a way simi- (1994, provides a new axiomatization of the situation cal-
lar to that proposed in Kautd991). Even if this work has  culus able to capture concurrent actions, properties with con-
strong motivations, no formal semantics is provided for thetinuous changes, and natural exogenous actions—those under
language and the reasoning problems. nature’s control. The notion dfluent—which models prop-
There are Description Logics intended to represent anérties of the world—andituationare maintained. Each ac-
reasoning about actions following the STRIPS tradition. Heintion is instantaneous and responsible for changing the actual
sohn, Kudenko, Nebel, and Profitlidd992 describe the situation to the subsequent one. Concurrent actions are sim-
RAT system, used in the WIP project at the German Reply sets of instantaneous actions that must be coherent, that
search Center for AIDFKI). They use a Description Logic is, the action’s collection must be nonempty and all the ac-
to represent both the world states and atomic actions. A set¢ions occur at the same time. Pir{i®94) and Reitef1996
ond formalism is added to compose actions in plans and tstroduce the time dimension essentially to capture the oc-
reason about simple temporal relationships. No explicit temeurrence of the natural actions, due to known laws of phys-
poral constraints can be expressed in the language. RAT as, that is, the ball bouncing at times prescribed by motion’s
tions are defined by the change of the world state they causeguations, and the dynamic behavior of physical objects, that
and they are instantaneous as in the STRIPS-like systemis, the position of a falling ball. This is realized by introduc-
while plans are linear sequences of actions. The most iming a time argument for each action function, while proper-
portant service offered by RAT is tremulated execution ties ofthe world are divided into two different classes: classical
of part of a plan, checking if a given planfisasibleand, if  fluentsthathold or do not hold throughout situations, et
so, computing the global pre- and postconditions. The featinuous parameterthat may change their value during the time
sibility test is similar to the usual consistency check for aspanned by the given situation.
concept description: thetemporally projectthe pre- and More devoted to have a situation calculus with a time
postconditions of individual actions composing the plan, re-interval ontology is the work of Ternovska{d994). To
spectively, backward and forward. If this does not lead todescribgrocesseghat is, actions extended in time, she in-
an inconsistent initial, final, or intermediate state, the plantroduces durationless actions that initiate and terminate those
is feasible and the global pre- and postconditions are deteprocesses. As a matter of fact, processes become fluents, with
mined as a side effect. instantaneous eventsStart(Fluent)andFinish (Fluent)
Devanbuand Litmafl991, 1996describe the CLASPsys- which respectively make true or false the corresponding flu-
tem, aplan-basedknowledge representation system extend-ent, and with persistence assumptions that make the fluent
ing the notion of subsumption and classification to plans, tarue during the interval. For example, in a blocks world the
build an efficientinformation retrieval system. In particular, picking-upprocess is treated as a fluent wikart(picking-
CLASP was used to represent plan-like knowledge in the doup (x)) andFinish (picking-up(x))nstantaneous actions that
main of telephone switching software by extending the use oénable or falsify theicking-upfluent.
the software information system LASS(Pevanbu et al.,
1991). CLASPis d_eS|gned for reprgsgntlng a_nd reasonings  ~oNCLUSION
aboutlarge collections of plan descriptions, using alanguage
able to express temporal, conditional, and looping operatorslhe main objective of this paper was showing the useful-
Following the STRIPS tradition, plan descriptions are builtness of a logical formalism for representing actions and plans
starting from states and actions, both represented by using the a robotic domain. According to this framework, an action
CLASSIC(Brachman etal., 1991erminological language. has a duration in time, it can have parameters, which are the
Because plans constructing operators correspond to regulties with the temporal evolution of the world, and it is pos-
expressions, algorithms for subsumption integrate work in ausibly associated over time with other actions. The peculiar
tomata theory with work in concept subsumption. The tem-computational properties of this logic make it an effective
poral expressive power of this system is limited to sequencesepresentation and reasoning tool for plan recognition pur-
disjunction, and iterations of actions and each action is inposes. An actiofplan taxonomy based on subsumption can
stantaneous. Furthermore, state descriptions are restrictedite set up, and it can play the role of a acfiplan library
a simple conjunction of primitive CLASSIC concepts. Like for actioryplan retrieval tasks.
RAT, CLASP checks if an instantiated plan is well formed, We are studying several extensions to the basic temporal
that is, the specified sequence of individual actions are ableanguage. With the possibility to specify homogeneous pred-
to transform the given initial state into the goal state by usingcates the temporal behavior of world states can be de-
the STRIPS rules. scribed in a more natural way, while the introduction of the
We briefly report now on the efforts made by researchersionmonotonic inertial operator gives rise to some forms of
in the situation calculus field to overcome the strict sequentemporal predictioifArtale & Franconi, 1998 Another ex-
tial perspective inherent to this framework. Recentworks entension(Artale & Franconi, 1995deals with the possibility
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of relating an action to more elementary actiahsgompos-
ing it in partially ordered steps; this kind of reasoning is
found in hierarchical planners like NONLIRNTrate, 1977,
SIPE(Wilkins, 1988, and FORBIN(Dean, Firby, & Miller,
1990.
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In this Section, a Tarski-style extensional semantics for the
TL-ALCFlanguage is given, and a formal definition of the
subsumption and recognition reasoning tasks is devised.
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()¢ = {{[w,v],[u1,n]) ETEXTE |u=u1 Av <wv}
A = {([u,v],[ur,v1]) € TEX TE v =01 Aug < u}
(mi)® = {{[w, 0], [ur,01]) € TZ x T2 | u =01}
... (meaning of the other Allen temporal relations)
(R,S)° = RfUS®
(X B = (V: X T V(X (R Y)eT. (V(X),V(Y)) € (R}

Fig. 9. The temporal interpretation function.

Assume a linear, unbounded, and dense temporal struty, ...} over the assignments of inner variables, extends
ture 7= (P,<), whereP is a set of time points and isa  the primitive interpretation function in such a way that the
strict partial order orP. In such a structure, given an inter- equations of Figure 10 are satisfied—we do not report the
val X and a temporal relatioR, it is always possible to find constructors that can be obtained by complementation. In-
an intervalY such that X (R) Y). The assumption of linear tuitively, the interpretation of a concef¥’ ;, is the set of
time, which means that for any two pointsandt, such  entities of the domain that are of ty@eat the time interval
thatt, <t, the set of pointgt|t, <t <t,} is totally ordered, t, with the assignment for the free temporal variable€in
fits the intuition about the nature of time, so that the pairgiven byV—see(C@X)3  ,—and with the constraints for
[t;,t,] can be thought as the closed interval of points bethe assignment of variables in the scope of the outermost
tweent, andt,. Theinterval setof a structure7 is defined temporal quantifiers given bj. Note thatH interprets the
as the sef 2 of all closed interval$u,v] = {x € Plusx<  variable renaming due to the temporal substitutive qualifier—
v, U#v}linT. seeC[Y]@X . ,—and it takes effect during the choice of

A primitive interpretationZ = (72 ,A%,-7) consists of a a variable assignment, as the equatiofiX) Tc. C)?, .
set7Z (theinterval setof the selected temporal structure shows.

T), asetA” (thedomainof 7), and a function* (theprim- In absence of free variables in the concept expression—

itive interpretation functiorof 7), which gives a meaning with the exception oft—for notational simplification the

to atomic concepts, roles, features and parametric featuresatural interpretation functior€, being equivalent to the
interpretation functiorCy , ,, with any V' such that/(¥) = t

AL CTEXA  PECTEXAT XA and H = O is introduced. The set of interpretations
. . {C{ \+} obtained by varyind,V, t with a fixed H is max-
T0(T% x AT) PR AT 4gT: a7 (PR a7 imal w.r.t. set inclusion if{ = &, i.e., the set of natural

) ) ) ) interpretations includes any set of interpretations with a
Atomic parametric features are interpreted as partial funcfixed . In fact, sinceH represents a constraint in the as-

tions; they differ from atomic features for being indepen-gignment of variables, the unconstrained set is the larger

dent from time. one. Note that, for feature interpretation only the natural
To give a meaning to temporal expressions present ine is used because it is not admitted to temporally qual-

generic concept expressions, Figure 9 definestéimepo- ity them.

ral interpretation functionThetemporal interpretation func- An interpretationZ satisfies the terminologicaTBox)

tion -¢ depends only on the temporal structufe The  axjom A = C iff A7 = CZ, for everyt. A conceptC is

labeled directed graptX, To—whereX is the set of vari-  gypsumedy a concepD (C C D) if CZ C DZ for every

ables representing the nodes, druis the set of temporal  jnterpretationZ and every intervat. An interpretationZ

constraints representing the arcs—is calleshporal con- s a modelfor a conceptC if CZ # & for somet. If a

straint network The interpretation of a temporal con- concept has a model, then it $atisfiable otherwise it is

straint network is a set of variable assignments that satisfyysatisfiable

the temporal constraints. gariable assignmeris a func- It is interesting to note that only the relatiosisf, mi are

tion V: X+— 72 associating an interval value to a tempo- really necessary, because it is possible to express any tem-

ral variable. A temporal constraint networkaensistenif  pora| relationship between two distinct intervals using only

it admits a non empty interpretation. The notation, these three relations and their transpositising, m (Halp-

(X, TOfust1, 5010, USed to_interpret concept expres- ern & Shoham, 1991 The following equivalences hold:
sions, denotes the subset(d, Tc)¢, where the variable,

is mapped to the interval value

: ] . . Ox (xat#). C@x = Oxy(y mi#)(xmiy). C@x
It is now possible to interpret generic concept expres-

sions. Consider the equations introduced in Figure 10. An Ox (xd #). C@x = Oxy (ys #(xfy). C@x
interpretation function-%,, ;;, based on a variable assign-
mentY, an intervalt and a set of constraintqy = {x, — OX (X0 #). C@x = Oxy (ys #)(xfiy). C@x
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Ay = {aeAl|(t,a)e AT} = Af
Th = AT = T
(_‘C)lz),t,ﬂ = AT\ Cg,t,%
(@n D)lzz,t,H - C\%,t,% n D%,lﬂ{
(VP.C)pyn = {a€AT|Vb.(a,b) € Pf =beCy, 4}
(pla)by = f{acdompl ndomgf |pf(a) =qf(a)} = (pla)f
(p: 0y = f{acdompf|pf(a)eCf,y)
(C@X)wzz,t,% - C%,V(X),H
CIYIQOX) 0 = CF oo
(OX)E. C) 5 = {acAT|IW. We (X, Ta)i{u{ﬁn—n} Na€Cf, o)
PI = P, C AT x AT | Va,b. (a,b) € P, > (t,a,b) € PT
fEo= fo: ATPEEUAT | Ya. (a € dom f, ¢ (t,a) € dom fT) A

fila) = f1(t.a)
(poq)f = pfogt
*xgf = *gt

Fig. 10. The interpretation function.

To assign a meaning to ABox axioms, the temporal inter+oles, too. Then, the authors show how to reason with more
pretation function. € is extended to temporal intervals so expressive languages suchBg4-FU, which adds disjunc-
thati ¢ is an element of * for eachi € OT. The semantics tion at the temporal and nontemporal sides of the lan-
of assertions is the followingZ(i,a) is satisfied by an in- guage, and7L-ALCF. The subsumption algorithms are
terpretationZ iff aZ € C%; P(i,a,b) is satisfied byZ iff based on aormalization procedurethat is, an interpreta-
(i¢,a’,b?) € PZ; p(i,ab) is satisfied byZ iff p%(a’?) = tion preserving transformation which operates a separation
b%; xg(a,b) is satisfied byZ iff xgZ(a’) = b”; andR(i,j)  between the temporal and the nontemporal part of the for-
is satisfied byZ iff (i¢,j¢) € R®. Given a knowledge base malism. A concept in normal form can be seen asoa-

3, anindividualain O is said to be aimstanceof a concept  ceptual temporal constraint netwarkhat is, a labeled
C at the interval iif 3 = C(i,a). directed grapi X, Tc, Q@X) (in TL-ALCF syntax:O(X)

Now we are able to give a semantic definition for the rea-Tc. (Q° M Q*@X* ... M Q"@X")), where arcs are la-
soning task we callespecific plan recognition with respect beled with a set of arbitrary temporal relationships, repre-
to a plan descriptionThis is an inference service that com- senting their disjunction, and temporal nodes are labeled
putes if arindividual actioryplanis an instance of aaction/  with nontemporal conceptse., eachQ’ is an ALCF con-
plan typeat a certain interval, that is, the task known ascept expression The subsumption procedure checks
instance recognition in the description logic community.whether there is a mapping function between conceptual
Given a knowledge basg, an intervali, an individuala  temporal constraint networft.e., a form of subgraph iso-
and a concepC, theinstance recognition problems to test  morphism, which was called-mapping)such that a sub-
whether¥ E C(i,a). sumption relation holds among the nontemporal concepts
labeling the corresponding nodes in the mapping function,
A2. The calculus for TC-ALCF and among the temporal relations of the corresponding arcs.

Then the calculus can adopt standard procedures devel-
Artale and Francon{1998 contribute to explore the de- oped in the Description Logics community and in the tem-
cidable realm of interval-based temporal description logporal constraints community. Algorithms to compute
ics by presenting sound, complete, and terminatingsubsumption between nontemporal concepts are well known
procedures for subsumption reasoning. The key idea to oland based on a notational variant of the first-order tab-
tain decidable languages is the restriction posed on the tenteaux calculugHollunder & Nutt, 1990; Schmidt-Schauld
poral expressivity by eliminating the universal quantification& Smolka, 1991; Donini et al., 1995A standard tech-
on temporal variables. The main results are proven startaique for computing subsumption between temporal net-
ing with the simplest languag€.L-F, whereF is feature  works relies on methods for checking the satisfiability of
language with neither negation nor disjunction and lackingsuch networkgvan Beek & Manchak, 1996The follow-
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ing theorem summarizes the main results proved by Artal¢ion. He has been a guest researcher at AT&T Bell Labs, at
and Franconi: the department of Artificial Intelligence, investigating the

problem of plans representation using a temporal descrip-

THEOREM A2. LetC, and G be7L-For 7L-ALCFcon  tion logic. He received his post-doctorate degree at the

cepts in normal formthen G subsumes £(C, C C,) if LADSEB-CNR of Padova with a research experience on the

and only if there exists anmapping from Gto C,. ontological foundations of meronymic and spatio-temporal

LetC=C, U ---UC,and D=D; U --- U D, be relations. He is currently senior researcher at IRSENto,
TLU-FU concepts in normal formthen D subsumes C ltaly) in the Natural Language research division working
(CC D)if and only if Oi 0. C; E D;. on national and international research projects.

Concept subsumption betwe&i-F or TLU-FU con
cept expressions in normal form is an dBmplete prob  Enrico Franconi is currently Senior Lecturer at the Depart-
lem 7L-ALCF subsumption is a PSPACGHaArd problem  ment of Computer Science, University of Manchester, United
] Kingdom. He was formerly a researcher at IRST, Trento,
Italy. His main research interestis in providing formal theo-
ries and efficient principled systems for expressing and rea-
Alessandro Artalereceived his Ph.D. in Computer Science soning with structured knowledge, with an emphasis for their
at the Department of Systems Theory and Computer Scidse for conceptual modelling tasks in domains with high
ence at the University of Florence in 1994. His main inter-semantic complexity. The current research involvement in-
est is in providing formal theories for expressing andcludes Knowledge Representation and Reasoning in Artifi-
reasoning with structured knowledge. His research activitycial Intelligence—with a particular emphasis to Description
concerns the knowledge representation languages based bagics, Mathematical and Computational Logics, Formal
Description Logics, studying the interconnections betweerOntology, Natural Language Formal Semantics, Formal
Temporal and Description Logics. He studies the computaMethods, flexible access to Information, and Deductive Data-
tional properties of temporal extensions of description log-bases. He is Principal Investigator of the ESPRIT-4 Long-
ics with the aim of developing a formal language for Term Research(LTR) project “Foundations of Data
representing and reasoning with time-dependent informawarehouse Quality{ DWQ).
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