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Abstract

This paper presents a formal theory for reason-
ing about motion of spatial entities, in aqudita
tive framework. Teking over a theory intended
for spatial entities, weenrichittoachieveatheory
whose intended model s are spatio-temporal enti-
ties, an idea sometimes proposed by philosophers
or Al authorsbut never fully exploited. We show
what kind of propertiesusually assumed asdesir-
able parts of any space-time theory are recovered
from our model, thus giving a sound theoretical
basis for a natural, qualitative representation of
motion.

1 INTRODUCTION

This paper presents atheory for representing and reasoning
about motioninaqualitativeframework. A lot of work has
been devoted to the representation of space in the past few
years, as spatia concepts pervades many domains of Al.
Part of these works have focused on the building of theo-
ries for reasoning about incomplete and/or imprecise infor-
meation as such theorieswoul d be moreeasily exploited than
the traditional quantitative models (widely used in robotics
for instance). For that purpose, in what is called “Qudita
tive Spatial Reasoning” (QSR), a lot of models make use
of regions of space as their ontological primitives rather
than the points of traditional geometry (for a genera pre-
sentation, see [Vieu, 1997]). This ontological shift im-
poses to build new theories for most spatial and geomet-
rical concepts. Severd studies have been devoted to the
building of mereo-topol ogical theorieson that basis (for in-
stance the well-known RCC theory [Randell et al., 1992];
see also [Fleck, 1996],[Asher and Vieu, 1995] and for asur-
vey of mereo-topology [Varzi, 1996]), as mereo-topology
(essentially, the modeling of connection and part-hood) is
regarded as the basis of common-sense geometry.

Very littlework has been done on motion in such aqudita
tive framework. Even works done under the banner of so-
caled “qualitative physics’ usually make use of the classi-
cal quantitative model of kinematics. Motion is thus usu-
aly represented in a Newtonian/Cartesian framework [Ra
jagopalan and Kuipers, 1994] [Hays, 1989]. Other studies
focus more on related aspects, for instance [Forbus, 1983,
Davis, 1989] insist more on the concept of dynamic pro-
cess, and [Shanahan, 1995, Hartley, 1992] on default rea-
soning in metric spaces that are not redlly clearly character-
ized. Motionisnonetheless akey notionin our understand-
ing of spatial relations; indeed, changes of statein RCC has
been analyzed through transition graphs in which the rela-
tions form so-called “conceptual neighborhoods’, via po-
tential motion. Only certain changes are allowed, assum-
ing continuouschange between rel ations (thismeans spatial
changes are restricted to the edges of such graphs). Conti-
nuity is the central notion here, but remains implicitly as-
sumed without a formal definition; only the work of Gal-
ton [Galton, 1993, Galton, 1997] has begun to address what
continuity implies for a common-sense theory of motion.
Still, this kind of work characterizes continuity as a set of
logical constraints on the transitions in a temporal frame-
work and does not add much insight to the aready exist-
ing transition graph (it is more descriptive than explana
tory), and fallsshort of an explicit, generic characterization
of spatio-temporal continuity.

We present here a mereo-topological model in which the
primitive entities are spatio-temporal regions, on which we
define both spatio-tempora and temporal relations. These
entities can be interpreted as the trajectories of physical ob-
jectsand events. Such an approach isnot entirely new since
Russell [Russell, 1914] or Carnap [Carnap, 1958] had al-
ready suggested it, for reasons analyzed in [Simons, 1987],
and Hayes has begun to show the use that could be made of
such objects for common-sense reasoning [Hayes, 1985b,
Hayes, 1985al; mainly, the homogeneity of a theory which
treats events and objects a the same level has an interest-
ing expressive power, and directly addresses the problem



of objects identity through time. We show that a qualita-
tive notion of continuity can be expressed in such a the-
ory, which allows for afull characterization of conceptual
neighborhoods of spatial relations. Section 2 presents the
topol ogical theory (of Asher & Vieu) wetakeasabas's, sec-
tion 3 and 4 present our extension to that theory, along with
the definition of continuity within the theory and a presen-
tation of how we recover conceptual neighborhoods from
thisgenerd definition. Section 5 shows how to define some
common-sense concepts related to motion.

2 THE TOPOLOGICAL BASE

In this section we take over the theory of topological con-
cepts presented in [Asher and Vieu, 1995], which is shown
to be consistent and complete with respect to acertain class
of model's, and which hasat |east the same expressive power
as RCC8[Randell et al., 1992]; both theories are based on
thework of Clarke[Clarke, 1981]. The main difference be-
tween themisthat RCC8 does not di stingui sh between open
and closed regions whereas Asher and Vieu's theory does.
It is not obvious that the results we present here could be
demonstrated in RCC, because of this difference. More-
over Asher and Vieu'stheory has been thought as a spatio-
tempora theory from the beginning, athough this aspect
has never been much exploited by the authors (not even
in aformal account of motion verbsin [Asher and Sablay-
rolles, 1995]). Objects of this theory can be interpreted as
the spatio-temporal referents of physical objects or events,
or regions of space. Figure 2 shows the classical intended
2D gpatia interpretation of some relations that can be de-
fined from the primitiverelation C (connection), while Fig-
ure1 showsanillustrationof how aspatio-temporal relation
is to be intuitively understood. Here the “spatia” dimen-
sion of an entity is a part of the horizontal axis while the
temporal evolution of the entity is shown a ong the vertical
axis. Space could of coursebe 2- or 3-dimensional, and this
Figureisonly oneexampleof what our intended modelsare.

We will now present the topological axioms from [Asher
and Vieu, 1995]. For the sake of clarity, in the following,
universal quantifiers scoping over wholeformulas are omit-
ted. Upper case symbols stand for predicates, lower case
ones for variables or constants. The symbol = stands for
definition. We use afirst order language with equality.

A21 Czz
A 22 Czy —-Cyzx
A23 (Vz (Czz <Czy) 5z =)

A lot of relations can be defined on that sole basis, we will
make use of the following (see [Asher and Vieu, 1995] for
the formal definition): P (part of), PP, (proper part of), O
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Figure 1: A Spatio-Temporal Interpretation of O(verlap)
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PO(a,b) EQ(a,b) NTPP(a,b) NTPPi(a,b)

Figure 2: A 2D Spatial Interpretation of Topological Rela
tions

(overlap), PO (partial overlap), EC (externa connection),
TP (tangentid part), NTP (non tangentia part), TPP and
NTPP and the converserelations TPP~! and NTPP~! (also
written TPPI and NTPPI), cf Figure 2. The following are
existence axioms of classical operators [Asher and Vieu,
1995]:

A 2.4 VaVy3z Yu(Cuz & (CuzVCuy))
(sum, noted z+y)

A 25 VzIy -Cyz — Iz Vu(Cuz + Jv (-CvzACuvu))
(complement, noted —x)

A 26 dzVu Cux
(existence of auniverse, noted a*)

A 2.7 Oxy — 3z Vu(Cuz & v (Pva APvyACuu))
(intersection, noted z - y)

A 28 Vzdy Vu (Cuy < Jv (NTPvzACuu))
(interior, noted ix)

D21 (closure): cx = —i(-z)

A29 ¢(a*) = a*



The topological operators are constrained in a classical
way:

D22 OPz = (ix = z) (definition of an open)
A 210 (OPz A OPy A Ozy) —OP(z-y)

The authors a so define afew useful notions:

D 2.3 SPzy e =Cczcy (separatenesd Vieu, 1991])
D24 CONz 2 —(3z13z2(x = z1txs A SPri23))

(self-connectedness)
D25 ATz = —3yPPyz (atomicity)
We define quasi-atoms, whose only proper partsaretheir in-
teriors:

D 2.6 QATz = ATiz A —OPx

and “generalized” atoms, which can be atoms or quasi-
atoms:

D 2.7 GATz = ATz V QATz

and are conceptually closeto atoms (the only difference be-
ing that they can include part of the closure of an atom).

3 TEMPORAL RELATIONS

The mere topology we have introduced is quite general
and does not imply a spatio-tempora interpretation; in or-
der to do so it is necessary to capture a notion of tem-
pora order between entities of the theory. The kind of
properties we want are related to the assumptions already
made about those entities: they are extended in a primi-
tive space-time so that temporal relations actually bear on
the spatio-temporal entitiesthemsalves, and not on time ex-
tents. Thus our tempora relations are close to event log-
ics (see e.g. Kamp [Kamp, 1979]), which are quite Simi-
lar to interval-based temporal logics (see vanBenthem [van
Benthem, 1995] or Galton [Galton, 1995] for ageneral pre-
sentation), with the difference that two objects can be dif-
ferent and still be contemporaneous. However these logics
are often based on two primitives, < for precedence, and ei-
ther inclusion or overlap. If we want to keep the topologi-
cal distinction between connection and overlap made onthe
spatio-temporal entities, we need to have topological con-
cepts on thetemporal level aswell (and Varzi [Varzi, 1996]
has shown thisis not possible with only overlap or inclu-
sion, i.e. mereology). This distinction is part of Allen’'s
common-sense theory of time [Allen and Hayes, 1985] and
Galton [Galton, 1993] has shown it is necessary to account
for continuous motion. But Allen’s theory assumes self-
connected intervals and Galton assumes the existence of
both instants and intervals. We believe however that none
of these hypotheses are necessary and keep a more general
model where entitiescan be disconnected; itismoreover an

ontologically more parsimonious (assuming only extended
entities) model which turns out to be quite practical. We
thus introduce a relation of temporal connection < (inter-
preted in much the same way as atemporal 'C') besidesthe
obvious <. For readability’s sake, and to distinguish them
from the spatio-temporal relations, temporal relations are
infixed.

A3l exy—yxz (symmetry)

A32 zxz (reflexivity)

A33 zxy—>—-z<y
(incompatibility betweenx and <)

A34 z<y— ~y<z (antisymmetry of <)

A35 (z<y A yxz A z<t) D ae<t
(composition of x and <)

From this we can define the intuitivere ations:

D31 zC,y= Vz(zxax = zxy)
(temporal inclusion)

D32 zoy = Fz(2Cy A 2Cx)
(tempora overlap)

D33 (z = v) 22CyAyCez
(temporal equivaence)

The transitivity of < can be derived from A3.2 and A3.5
and itsirreflexivity from A3.3 and A3.2. Therdation < is
thereforeadtrict partial order. Figure 3 givesanillustration
of thetemporal relations between spatio-temporal entities.

Time
x$y w oy
w ¢ Y
y
z
zc y
V4
X X<z
Space

Figure 3: Temporal Relations|llustrated

We can derive dl the axioms of other systems based on <
and (C; or o) (cf. [van Benthem, 1995, Aurnague and Vieu,
1993, Kamp, 1979]) from the previous axioms, which are
much inspired by [Aurnagueand Vieu, 1993]. We can also
define a notion of temporal connectedness:



D34
CON;z = —(Fz1Tze(z = zrtwe A —(czy X cz2)))

We can moreover impose the linearity of the underlying
tempora order by stating that there must be a relation (<
or x) between two temporally self-connected entities (and
only inthat case since the theory alowsfor the sum of arbi-
trary entities, therefore not necessarily self-connected). The
following axiom indeed &liminates branching time models.

A 36 (CONiz ACONy) = (2 <y V Xy V y<u)

4 SPATIO-TEMPORAL INTERACTIONS

41 LINKSBETWEENTIME AND SPACE-TIME

The links between spatio-temporal relations and temporal
relations haveyet to be defined. Some axiomswere defined
in the same perspective in [Vieu, 1991], using a “tempo-
ral overlap’relation, but were not part of a larger motion
theory®.

Adl Czy s zxy
time-connected)

(two connected entitiesare also

The model smust not betemporal only, so C andz<are differ-
ent (4.2) and thereisat least two temporally ordered entities
(4.3).

A42 Fzdyzxy N —Czy

A43 Fzdyz<y

Theinteraction between+ and < and< need to be specified:
Add (z<yNz<y) < (x+2) <y
A4S5 (zry) Xz zx2z V yxz

In order to define rel ations between parts of trajectoriesthat
can vary through time, we now define anotion of “temporal
dlice”, i.e. themaxima part correspondingto acertain time
extent (Figure 4).

Time

A

Space
Figure 4: lllustration of a Tempora Slice

! The axioms of [Vieu, 1991] are theorems of our theory.

D41 TSey = Pry AVz ((Pzy A 2C 2) = Pz)

In order to prevent the proliferation of arbitrary entities, we
only imposetheexistence of adliceof an entity whenit tem-
poraly intersects another (so that we state only the exis-
tence of meaningful temporal parts, corresponding to tem-
pora interaction between other entities). Thus we want:

o, oy Iu(TSuw A uC) (D

Since (woy — Fu(uCrw A uC,y)), itisenough to state
the following axiom:

A46 yCrw — Ju (TSuw A u=;y)
and (1) then is atheorem, along with the following ones:

Th4l Pry - 32(TSey A 2z = )
(thereisatemporally equivalent slice for all parts of an en-
tity)

Th42 (TSey ATSzy A x = 2) 2=z
(thist-equivaent diceisunique)

We will note wy, the part of w corresponding to the “life-
time” of y when it exists (that iswhen y C; w).

Modelsfor the basetheory of Asher & Vieu are presented
in [Asher and Vieu, 1995]. We present here the properties
that a sub-part of P(IR?) needs to be amodel of our theory;
lack of space precludes the presentation of the proof of the
consi stency of each axiomwith respect to thismodel, which
in most cases is rather straightforward. The construction
can be easily generdized to show that equivalent parts of
P(IR?) or P(IR*) are modelsof thetheory. At thisstagewe
do not show the kinds of model with respect to which there
issemantic compl eteness, wemerely introduceamode! that
shows the consistency of our theory.

Let'sconsider asubset F C P(IR?). Asher and Vieu have
shown in [Asher and Vieu, 1995] the consistency and com-
pleteness of their theory with respect to a certain kind of
structure. Modes for our own theory will have some of
these properties, which we present now.

Consider a topologica space £. Objects of the theory de-
note elements of aset 7 C P(£). Theinterior and clo-
sure operators are noted “int” and “cl” (in our case £ will
be IR? with a classical topology). The operator U* and N*
are union and intersection operators preserving the “regu-
larity” of interiorsand closures:

zUy =z UyUint(cd(zUy))
zN*y=zNyNneclint(zNy))

In order to satisfy the axioms of the topological part of the
theory, elements of F must verify thefollowing conditions:

i.if XeFandYeF and int(X NY) # @, then X N*
YeF. (Theintersection N* of two elementsof F isin
F if it has anon empty interior).



ii. if XeFandYeF, X U* YEF. (The union of two
eements of Fisin F)

iii. £€F.

iv. if XeF and X # & then (C(X)/¢)€F (if the com-
plement of X isnot empty, itisin F)

V. Regularity: the interior of an element of F is not
empty and “full” (int(cl(X)) = int(X)) andisin F;
its closure is regular (cl(int(X)) = cl(X)) and be-
longsto F.

The interpretation of the relation of connectionin thisclass
of models for any variable assignation g, is as follows:

[Cay], =trueiff [z], N [y], # O.

Now let’shave alook at the added constraintson our mod-
ds. Let p,(X) bethe projection of X € F on the temporal
dimension:

pe(X) ={a€R/ WER, (b,a)EX}
Wegivethefollowinginterpretationto the primitives< and
¥%. Let g bean arbitrary variable assignment:
[zxy],6 = liff thereisa € IR, b € IR et ¢ € IR such that
(a,c)€fz], and (b, c) € [y],
[z <y], = 1iff foral rea numbers ab,cd, ((a,b) €
[z], A (c,d)€ly],) > b<d
We add the following constraints:

) foral X e Fand Y € F such that p,(X) C p:(Y) we
havedso Y N (IR x p(X))€F
This constraint is easily compatible with the others,
sinceY N (IR x p: (X)) hasanon-empty interior since
Y and X (and therefore IR x p; (X)) have non-empty
interiors.

B) thereare X € F andY € F such that for al (a,b) € X
and (¢,d)eY,b < d.

~) thereare X € F andY € F suchthat p, (X)Np, (V) # @
axnNny =0

The constraint a, 3, v are necessary because of (respec-
tively) axioms A4.6, A4.3 and A4.2.

4.2 CONTINUITY

We have already mentioned the importance of continuity in
our intuitive understanding of motion (motion is a percep-
tually continuous spatial change), and how this notion per-
vades a lot of work on spatial relations, the most obvious
being thetransition graphs (of RCC8 [Randell et al., 1992],
e.g.), without being given a generic formal characteriza-
tion. The continuity we have in mind (along with other
authors in QSR) is different from the mathematical sense
where arbitrarily fine distinctionscan be made about space
and time. We want something closer to intuitionand at the
sametime covering the propertiesshownto be necessary for

atheory of motion. The continuity we propose can be de-
fined within the theory without stating separately the pos-
sibletransitions, contrarily to what Galton doesin [Galton,
1993]2, and this provides a more general characterization
of qualitative continuous change; it is thus moreover much
easier to check the consistency of such a theory. Infor-
mally, we propose to consider a spatio-temporal individual
asqualitatively continuousif itistemporally self-connected
and if it doesn't make spatial “leaps’ (corresponding to a
sudden gain or loss of parts, or asudden trand ation), that is
if no part of an entity can be temporally connected to aslice
of that entity but not spatio-temporally (a counter-example
of thisisillustrated in Figure 5, where the non-continuity of
w correspondstoaqualitative® horizontal” jump; thisfigure
alsoillustratestheorem 4.3 bel ow and theentity z can beig-
nored at this stage of thediscussion). Thiscan be expressed

Time

A

W=X+U+V

z
X
Space
Figure5: Entity w isnot Continuous.
asfollows:
D4.2

CONTINUw ZCON,w A VaVu((TSew A 2 xu
A Puw) —Cuzu)

We will present now what we recover from the intuitions
about continuouschange. Wewill compare spatio-temporal
rel ations between two contemporaneous sli ces of two “ con-
tinuous’ individuals at two different moments, in order to
compare the results with RCC conceptua neighborhood
graph. Figure 6 showsan example of what thismeans: dur-
ing z1, thecorresponding slices of z and y are disconnected,
later on, during z, the corresponding slices of « and y “ spa-
tially” overlap, i.e. every temporal dlicesof z and y overlap
during z=, which could be expressed as

Ospay = OzyAaC, (z-y); thisway, we can define all
“gpatial” relations corresponding to those definablein RCC
(itistobenotedthat DCisaready equivaenttoDC,,). We

2Moreover we express the continuity of transition for any en-
tity whereas Galton focused on rigid objects, aconcept which can-
not be expressed in a topological theory, and which eliminates
sometransitions such asNTPPto =.
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Figure 6: Purely “Spatial” Relations
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found that impossible transitions correspond to the impos-
sible transitions of the conceptual neighborhood graph of
RCCS, with one exception: if the theory alows for atoms,
continuity as defined here cannot apply to them since they
have no parts 3. Some transitions are moreover only pos-
sible between closed entities (a property which is assumed
for RCC classical conceptual neighborhoods, sincethethe-
ory cannot distinguish open and closed entities). In order
to recover Figure5, it suffices to demonstrate thefollowing
theorems (every time we mention a transition between two
RCC relations they have to be understood as their purely
spatia counterpartsin our framework):

i) A continuoustransition between DC and O isimpossi-
ble (thus a continuous transition between DC and PO
or TPPor NTPP or TPPI or NTPPI or “=" isimpossi-
ble).

ii) A continuoustransition between EC and NTPor TPis
impossible (and thus NTPP and TPP and =).

iii) A continuous transition between PP and PP~! isim-
possible (so that no transition from TPP or NTPP to
TPPI or NTPPI ispossible)

iv) A continuoustransition between PO and NTPPisim-
possible. PO being symmetric, the impossibility of a
PO/NTPP~! is proved at the same time.

Thisway, the only remaining possibilitiesare the transition
of Figure?7.

The non-continuity of a DC+ O transition

Th4.3 (TSew A Pyw A DCzz A Ozpyz A X y) —
—~CONTINUw

3The problem of atoms should be dealt with separately sinceit
isnot clear what propertiesthey should have; few authorshavead-
dressed those questions, but we think it is rather natural for atoms
to be left out in what is presented here.

) S
- = - = > <>
ONON =
w_ =
N\ 7 @
o ()
Tppl NTPPI

Figure 7: RCC8 Conceptua Neighborhoods

DC EC

This says that a direct transition from DC (i.e. =C) and O
cannot be continuous (see Figure 5). (Proof: easily, (with
u = y-z) °Czu & = x wu, and this proves w's non-
continuity). The hypotheses of this theorem imply that x
and y are closed (adthough in a non obviousway).

The non-continuity of a TP/INTP«+EC transition

This can be shown if we assume the entities involved to
have only non-atomic tempora parts (that is if we assume
z and y are GATS):

Th44
(TSewAPywAECzzATPyz A & x y A -GAT(z) A
-G AT (y)) — “CONTINUw

More easily (and more generaly), we aso have:

Th45 (TSew A Pyw A ECzz ANTPP,,yz A 23xxy) —
—CONTINUw

(No continuoustransition between EC and NTP).
SeeFigure 8 for theillustrationof theorem 4.4. If z or y are
generalized atoms, x+y isstill consistent with thedefinition
of continuity. Note that the theorem mentions EC, which
givesthe intended result, given that EC,, —EC. The defi-
nition of NTPP;, 2y departsalittlefrom the other “purely”
spatial relation since we may want it to hold on temporally
closed intervals, and thusit cannot entail NTPPzy. We get
around thisby stating

NTPP;,zy = Vz(2 Gy (12) = NTPPxy), .

The non-continuity of a PP<+PP~! transition
Observing that: PPrz +« -Cz(-z) and PP~ly: «
(Oy(-z)VECy(-2)) and using the previoustheorems with
-z or ¢(-z) inplace of z, we show that there cannot be adi-
rect continuoustransition between PP and PP~! (see Figure
9).

The non-continuity of a PO«NTPP transition
We have (see Figure 10):

Th 4.6 (z = z1422 A TSyw A NTPP,,yz1 A Pzw A
PO;pz20 A z3xy) — -CONTINU(w)
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Figure9: PP/PP~! Transition

Indeed, considering u = z -z, we have u x y and =Cuy.

Space

Figure 10: NTPP/PO Transition

To sum up this section, we have given a forma char-
acterization of the conceptua neighborhood graph that is
usually taken as an intuitive reality for RCC-like theories.
We go further than Galton who had only listed extensively
(in adifferent spatio-temporal setting) what thistransitions
should bein alimited case. We did this by defining spatid
relations corresponding to the standard intended interpre-
tations, even though theories differ as to what their exact
models are. We have aso shown the necessity of the dis-
tinction between open and closed regionsand why we have
chosen Asher and Vieu'stopological framework.

5 MOTION CLASSES

5.1 REPRESENTING MOTION CLASSES

This section is dedicated to showing how the theory can be
used to represent certain types of motion. This has been
inspired from a study of some motion verbs [Muller and
Sarda, 1997], and puts the expressive power of the theory
to thetest. Weinsist on the fact that we have restricted our-
selves to the topological aspects of such motions and that
the representations are consequently to be understood as a
partial definition only of the semantics of those verbs, and
as aguide for an intuitive (but formal) definition of mean-
ingful topological motion classes.

In order to do so, weneed tointroduceafew preliminary no-
tions. First, we define another spatio-temporal partia over-
lap as an overlap which is not spatial only (adlice of x has
to be completely out of y at some time):

D 5.1 STPOzy =0zy A “(x=zy) A (y=: y-x)
Th5.1 STPOzy — Ju(TSuz A —Cuy)
A few other definitionsare needed:

D5.2 LOCzy = 3z(TSzz A Pzy)
(adiceof x ispart of y)

D 5.3 TEMP_INzy =LOCzy A STPOzy
(x is“temporarily” apart of y)

We define rel ations equivalent to Allen’srelations on inter-
vals[Allen and Hayes, 1985] (notethat =,<, already exists
as=, <)

D54 MEETzy = iz < iyAzxy

D55
STARTzy = 2 CiyAVz(z <z — 2 <y) A—yCrz

D 5.6
FINISHzy S 2Ciy A Ve(e <z —y<z) A ~yCra

D57 O,zy = zoy A Ju(STARTuy A FINISHuz)

D5.8
DURINGmyé zCiy A —FINISHzy A -STARTzy

The converse relations can be defined in an obvious
way, and will be noted MEET;, START;, FINISH;, O,
DURING;. We can now very simply express different mo-
tion classes, such asthosementioned in thebeginning of the
section. We assume for al those motions that the entities
involved (intuitively, the arguments of a motion event) are
continuous, without writing it each time in the definition.



The first argument corresponds to an entity = that “tem-
poralize’ the relation: the relation holds between z,, and
Y., = and y being two other spatio-temporal regions. At
a later stage, we could build a theory of physica objects
where z and y would be the trgjectories of two objects and
z would be another entity giving thetemporal extent of the
relation (eg. the spatio-temporal extension of an event).
None of these interpretations are necessary to understand
the following given relations, which are defined indepen-
dently of any assumption about entities except that they are
spatio-temporally extended. We define six classes of mo-

ATime

Space

LEAVE HIT

Time

REACH

ll 1
x/u Vo yhu
Vxu
ylul !
1
1
1

' x/u

Space

EXTERNAL INTERNAL CROSS

Figure1l: The Six Motion Classes

tion, named LEAVE, REACH, HIT, CROSS, INTERNAL
and EXTERNAL,; intuitively, each of these classes could
be instantiated by the following motion verbs: LEAVE,
REACH, HIT and CROSS correspond to the topological
behavior of the corresponding verbs, INTERNAL corre-
spondsto verbs such as “to drive around (the country)” and
EXTERNAL to verbs such as “to avoid” (see Figure 11).

D59
REACHzzy =TEM P_INz. y. A FINISH(z/, -y )z

D 5.10
LEAVEzzy =TEM P_INz,,y. A START (), -y. )z

D 5.11 INTERNALzzy éPPx/z Y

D5.12
HITzzy éECJ:/zy/Z AV, yi[(Pe1x), APy y, AECx1y1)
— (FINISHz 1 zAFINISHy; 2)]

Time

uly vly y

Space

Figure 12: An Example for Time and Space-Time Compo-
sition

D 5.13 EXTERNALzzy = —Cz, y,

D 5.14
CROSSzzy = 3z, za(z = 2122 A MEETz122 A
REACHz; 2y A LEAVEz 2y)

5.2 REASONING ABOUT MOTION CLASSES

5.2.1 Combining Mation and Temporal Information

To be able to reason efficiently about spatial qualitative
models, it is customary to use and implement composi-
tion tables, which are dedicated to more specific deduc-
tions than generic first-order theorem provers. To reason
about motion, different paths can be followed. We show
in Table 1-2 acomposition of temporal and spatio-tempora
information between two entities, following the pattern:
((Rizy A Motion(y, u,v)) —Rauyvs), Ry and Motion
being the entriesin the table and R, being the correspond-
ing result. This table takes as input information about the
class of motion (Motion) and a tempora relation R; be-
tween the entity that determine the temporal extent during
which therelation holds and any other entity (we choose to
express this second piece of information with an Allen re-
lation). The resultis a spatio-temporal relation R, between
thearguments (u and v) “during” the other entity (x) *. Fig-
ure 12 illustratesthe kind of situation corresponding to the
table, where R; is O, and MotionisLEAVE.

All entries of thistable are theorems of the theory; entries
assuming u and v are continuousare marked with a (c); we
also assume entities are al GATSs (see section 2). Space
doesn’'t allow us to present the proofs here.

4\We consider the casesof relations similar to RCCS8, for the re-
lation holding between u/, and v, the resulting relation is a dis-
junction of one of the previously defined relations.



Ri/Motion | LEAVE HIT REACH

MEET () DC,ECPO

O PO,TPP, DC,EC,PO
NTPP

START bC

DURING | All All

=, PO EC PO

FINTSH

Ou PO,EC,DC PO,TPP,

NTPP

MEET: (c) EC, PO

FINTSH;

START, PO PO

DURING;

Table 1: Combining Motion and Temporal Information (1).

R;/Motion CROSS INTERN. EXTERN.

MEET (c) PO, TPPR, | DC, EC, PO
NTPP

O DC, EC, PO

START

DURING All PP DC

=t PO

FINISH

O:i DC, EC, PO

MEET; (c) PO, TPPR, | DC, EC, PO
NTPP

FINISH;

START; PO

DURING;

Time

x/u '
L/ zlu

Space

Figure 13: An Example of Location and Spatio-Temporal
Combination

mation makes use of the continuity hypothesis, thisis aso
only valid assuming that hypothesis. We want to point out
at this stage, that we use those relations only as a means of
comparison and that they do not really express as such all
the information we want to convey when dealing with mo-
tion. It can be seen from thetablesthat (PO, TPR, NTPP) is
a common result for very different motion relations (such
as LEAVE and CROSS); we mainly wanted to focus here
on why thistheory is a good starting point for a theory of
motion.

Table 2: Combining Motion and Temporal Information (2).

5.2.2 CombiningMaotion and “ Static” Information

Obvioudly, eventhoughall objectsare considered ashaving
histories, we perceive our environment with respect to ob-
jectsweregard as “ static” and defining some kind of frame
of reference. Thus motion is often considered as the mo-
tion of an entity relative to one or more given (often im-
plicitly), “static” entitiesin a frame of reference. Thus we
present now the combination of information about objects
of a known environment (intuitively the spatio-temporal
referent of locationsin aframe of reference) and motionin-
formation. We will assume that some regions (correspond-
ing to locations) bear the same relation to each other “dur-
ing” any other entity. This means, that the relation R, in
the Tables 3-4 isto beread as Riy 2. A Yo(v <
u —Riyy 2,) (thisis what was meant by “purely” spatial
relations, namely that the same relation holds between al
respective temporal dices of those entities, cf section 4).

Thus, from Ry, 2, and Motion(u, x, y), we can deduce a
relation R, such that Ry, 2, . Figure 13 shows an exam-
ple entry of the table, where Motion is LEAVE and R; is
DC. Theresult can be DC, EC or PO. Thisis obtained sim-
ply by combining the entries of Tables 1-2 with a composi-
tion table for topological relations. As the temporal infor-

LEAVE HIT REACH
R;/Motion
DC., DC,EC,PO DC,I1£C,PO, DC,EC,PO
PP~
EC., DC,EC,PO DC,EC,PO, DC,EC, PO
TPP,
NTPP~!,
TPP!
PO., DC,EC,PO, DC,EC,PO, DC,EC,PO,
TPPNTPP TPPNTPP TPP, NTPP
TPP,, DC,EC,PO DC,EC DC,EC,PO
NTPP,, DC,EC,PO DC DC,EC,PO
= PO EC PO
TPP;p1 PO, TPP, PO, TPP, PO, TPP,
NTPP NTPP NTPP
NTPP;p1 PO, TPP, PO, TPP, PO, TPP,
NTPP NTPP NTPP

Table 3: Composing Motion and Location Information (2).

6 CONCLUSION

We have presented here an original relational theory com-
bining space and timeto achieve atheory of spatio-tempora
entities and thus a qualitative theory of motion. It is possi-
ble to define a notion of qualitative spatio-tempora conti-
nuity within the theory which gives arigorous basis to in-
tuitionsthat seemed reasonable to admit about most RCC-



R,/Motion | CROSS INTERN. | EXTERN.
DCECPO | DC All

DC.,

EC., DCEECPO | DCEC All

PO., All All All

TPP., DCECPO | All DC

NTPP., DCEECPO | All DC

= PO TPPNTPP | DC

TPP,! PO, TPP, NTPP All
NTPP

NTPP;] PO, TPP, NTPP All
NTPP

Table 4: Composing Motion and Location Information (2).

liketheories of space, namely the admissibletransitionsbe-
tween qualitative spatial relations, in a more unified and
genera framework than [Galton, 1993]. The expressive
power of the theory dlows for the definition of complex
motion classes such as those expressed by motion verbsin
natural language. This complexity isin itself a problem
if one isto reason about such representations, so we have
given a few examples of the kind of reasoning that can be
of interest about motion relations and that can be demon-
strated withinthetheory. Itisto benoted however that “ mo-
tion” ranges over awide set of phenomenaand it should be
expected that varied courses of action can be followed in
the task of automating reasoning about it, depending on the
kind of task oneisinterestedin (it can be qualitativereason-
ing about physical objects, such as [Hayes, 19853, Davis,
1989)] or representing natural language expressi ons; another
areawhereit can be used is high-level vision systems dedl -
ing with natura language descriptions of spatial changes
[Fernyhough et al., 1998, Borillo and Pensec, 1995]). Be-
sides we can now try to extend our theory to geometrical
concepts (such as orientation and distance). Some work
is now aso needed to characterize completely the models
of the theory (and then prove completeness with respect to
those models).
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