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Qualitative Extents for Spatio-Temporal
Granularity

John G. Stell
University of Leeds

The concepts of everywhere and somewhere generate thriéa spéents:
(1) everywhere, (2) somewhere but not everywhere, and (8hece. These
three extents can be used for the granular description dfagpagions.
When spatio-temporal regions are considered there are twidicadhl
concepts: always and sometimes. The interaction of the doacepts
can be used to produce various systems of spatio-tempatethtex The
paper shows that if we want to give granular descriptiongafie-temporal
regions, then the system of extents needs to be chosenlbaréfguitable
system of eleven spatio-temporal extents is identified, arelmplified
system of six extents is also described. The systems of texprasented
here are important in that they will allow various structuand theories
understood only in a purely spatial context to be generdlipethe spatio-
temporal case.
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1 Introduction

Over the last few years there have been some placesin the world
where the latest advances in spatial information theory have always
been the main topic of conversation, and other places where this has
never been the case.

The preceding sentence makes a qualitative statement Himapatio-temporal
extent of a region consisting of those locations in spave-twhere the latest
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Figure 1. Qualitative spatial extents used for granular description

advances in our subject are the main topic of conversatisrandther example of
such a statement, incompatible with the previous one, denghe following.

Over thelast few yearsthere have been some timeswhen the latest
advances in spatial information theory have been the main topic of
conversation everywhere in the world, and other times when nowhere
in the world has this happened.

Simpler than these spatio-temporal extents are purelyedpaies appearing in
statements lik&'he importance of spatial information is recognized everywhere,
andOnly some parts of the forest are affected by pollution, andNone of the for-
est is affected by snow. These spatial examples exemplify respectively the three
gualitative spatial extents:

e everywhere
e somewhere, but not everywhere
e nowhere

These three qualitative spatial extents have been widelg irsthe approximate
or granular description of regions. The general approacheis-known, but it

is illustrated in Figure 1 since we need to recall the spatiale before we can
describe the generalization to the spatio-temporal. Wheegian is part of a
space that has been subjected to a granulation (usuallytiiqmaof the space)
we can describe the region in an approximate way by spegifyor each of the
cells in the granulation, the extent to which the region péesl the cell. The
three extents used in the simplest case arise from the twoeptseverywhere
andsomewhere. It should be noted thabmewhere as used here does not exclude
the possibility ofeverywhere. The notation&] and¢ will be used for the concepts
everywhere andsomewhere respectively. Figure 2 illustrates how the three extents
are generated by the two concepts. On the left of the figurdhawe the two
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Figure 2. Basic System of Three Spatial Extents

concepts ordered by implication. The ordering expressesattt that if a region
is occupied everywhere then it is occupied somewhere. Tdherig restricts the
possible combinations of the two concepts which can holdcsvehave (1) both
O and?, (2) only$, or (3) neither. These three extents are the three uppérdets
the partially ordered s€t], }. The lattice of upper sets appears in the centre of
figure 2. Itis convenient to introduce a notation for exgamhich is not that of the
upper sets and this is shown on the right of the figure. Heshould be read as
the negation ofomewhere i.e. nowhere, and, [ as the conjunction somewhere
and not everywhere.

This threefold classification has been used by Worboys&hpas the basis of
a theory of finite resolution spatial data, and underliéapplications of rough set
theory in the spatial context (Beaubouef & Petry, 2001 ;r&iti& Stell, 2001). The
system of three extents is not the only one, and Bittner agitl($998) and Bittner
(1997) have shown how it can be made more detailed by takioguat of how
the region being described interacts with the boundariegd®n each pair of cells
in the granulation. There appears to have been little ifgatsbn of how a system
of spatial extents might be generalized to deal with spi&tioporal regions. This,
then, is the question addressed by the present paper: wdtatrsy of qualitative
extents are there which can be used for the granular descripitspatio-temporal
regions?

1.1 Structure of the Paper

In Section 2 some related work is discussed. This is dividegltivo subsections:
work on relations between regions, and work on change owe &ind spatio-
temporal data. The relevance of systems of relations, ssi€tCL5, to the aims
of the present paper is outlined in Section 2.1.2. The maihriieal content of
the paper appears in Sections 3, 4, and 5. In Section 3 a érsif gyualitative
spatio-temporal extents is derived. The suitability ofsthéor making granular

1An upper set X of a partially ordered set Y is a subke€ Y such thatz € X andy > z imply
y e X.
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descriptions is considered in the following section. It eges that, while a useful
set of extents for some purposes, they are unsuitable if wie teitake an already
coarsened region and give it a still coarser descriptionyshesn of extents which
does not suffer from this problem is presented in Section A.2educed set of
only six extents is given in Section 5, and these should b&lsden the full
system provides a too detailed classification. Finallpjaosions and suggestions
for further work are presented in Section 6.

2 Related Work

2.1 Relations Between Regions

Systems of extents for the granular description of regioesckosely related to
systems of relations between regions. Here we briefly vevierk on relations
between regions before explaining how it is relevant to tiesent paper.

2.1.1 Work on Systems of Relations

Two spatial regions may relate to each other in a variety gfsyaexamples being
that one region is a proper part of the other or that the twimnsgare equal. There
are several well-known ways of systematizing the possiilgions. One family
of relations is that provided by the RCC work (Cohn, Bennettial., 1997). In
this family the simplest classification is provided by th€®&5. More detailed
classifications are the RCC8, which takes account of baueslaand RCC23
which is sensitive to convexity.

Another approach to relationships between pairs of regienghe work of
Egenhofer and Franzosa. Given spatial regidnand B, we can measure how
A relates toB by noting which of the intersections between interiors aodrial-
aries of A and B are empty and which are non-empty. This way of describing
the relationship ofd to B is known as the “4-intersection model”, and is studied
in Egenhofer and Franzosa (1991). The 4-intersection nisdelatively coarse.
Finer distinctions between relationships of regions caoltained by counting the
number of connected components in the intersectioA wfith B, and in certain
other regions determined by and B. The investigation of this use of connected
components is due to Galton (1998). Another way of desayiliire relationship
of A to B, which provides for finer distinctions than in Galton’s eique, is
a refinement of the 4-intersection model also by Egenhafdriranzosa (1995).
Some recent work in this area includes the investigatioelations between three
dimensional regions (Zlatanova, 1999). Since it is possiblregard time as the
third dimension, this is likely to provide one way of tregfirelationships between
two dimensional spatial regions which vary over a one dinozras time.
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RCC-S5 relation between region and granule

proper part o
inverse equal overlap | proper part disjoint
everywhere somewhere nowhere
but not everywhere

Extent to which the region occupies the granule

Figure 3. Relation between RCC5 and the 3 basic spatial extents

2.1.2 Relevance of Systems of Relations to Granularity

To describe how systems of relations between regions arear@lto extents, let us
assume a spacewhich has been subjected to a granulatiariVe can take> to
be a partition ofS into cells, or granules, but in fact the basic idea does no¢dd
critically on G being a partition. Given any regionof S, we can describe with
respect to the granulation by giving the relationship betweach granule € G
and the regiom. General systems for relations between arbitrary regioasiat
quite what we need here, because we are only interested jpatihef» which
intersectgy. That is, we are interested in the relationship of the imtelisnr N g
to g. Thus the usual RCC-5 relations collapse to just three pitigis, as shown
in figure 3. In the case thak¥ forms a partition ofS, we can recover the RCC-5
relation betweem andg by examining the the extent to whiehoccupiesy’ for
granulesy’ # g. For example, if- occupies everywhere i we can distinguish
between the two possibilities that the RCC-5 relatio@isr PP by determining
whether the extent to whichoccupies is alwaysnowhere wheng # ¢'.

In a similar way we can obtain a system of boundary sensititengs by start-
ing from the RCC8 relations. This tie-up between the widélyied systems of
relations, and the as yet less studied notion of extentsrimuarity, should be
useful to the development of both notions. In particular gshistems of extents
derived later in this paper raise the question of whethey #rese from systems
of relations between spatio-temporal regions. Answelilrig question, which is
beyond the scope of the present paper, should provide usédunation about
the possible relationships between spatial regions vgrywuer time.
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2.2 Spatio-temporal Granularity

From a conceptual viewpoint, space and time are very cldstgd. The use of
spatial metaphors in thinking about time has been stressedHlwnff (1987), and
the relevance of this to geographic information systemsbeas noted by Frank
(1998). The collection (Egenhofer & Golledge, 1998) camanuch further ma-
terial on time and its interaction with space from the GlSspective. Despite the
close link between time and space, the qualitative desenitf spatio-temporal
data in a unified way is still far from being understood. letfthere are many
difficult issues concerning changes in any kind of data dwee, without intro-
ducing problems which are specific to spatial data. A unifiimodel of temporal
granularities, independent of spatial issues, is propbsgeBettini, Jajodia, and
Wang (2000).

Hornsby and Egenhofer (1997, 2000) have proposed a chasgegpt®n lan-
guage capable of modelling changes, over time. In other \ifdoknsby & Egen-
hofer, 1999) they have addressed views at various levelstafl@f objects which
are subject to change. This uses a lattice of levels of dataikimilar way to the
stratified map spaces of Stell and Worboys (1998).

Medak (1999) has proposed a formal approach to change oweriti spatio-
temporal databases. This uses four basic operationsiaffesttject identity: cre-
ate, destroy, suspend and resume. Algebraic rules for them®tions are pre-
sented, and an implementation in the functional programgri@inguage Haskell is
given.

In atheory of spatio-temporal granularity there must bepgm@priate analogue
of the notion of partition in the purely spatial sense. Thekwof Erwig and
Schneider (1999) has provided a formal model of spatio-teaipartitions.

3 A First Set of Eleven Spatio-Temporal Extents

We have seen in Section 1 that the spatial conceptgapfwhere andsomewhere
generate a system of three extents which can be used forahelgr description
of spatial data. In this section we show how to extend thishieyaiddition of time
to the purely spatial case.

In the spatio-temporal case there are four concepts whictbeaused to de-
scribe extentseverywhere, always, somewhere and sometime. The notationll
will be used foralways and ¢ for sometimes. Combinations of the four concepts
can lead to complex situations, as evidenced by the exaraptbe very start of
this paper. Figure 4 shows the possible compound concegtthanmplications
between them. Note the distinction betweemewhere always andalways some-
where. If we say an event occurs always somewhere, we mean thaaébrtene
there is a place where the event occurs, but different timeg nave different
places. For example, the British Empire was once describetha empire on
which the Sun never sets’ because there was always somewhtre empire
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where the Sun had not set. If we say an event occurs somewhagsawe mean
that it happens in some fixed place for every time.

The possible combinations of the six compound conceptshwiiay hold to-
gether are determined by the upper sets of the lattice imdigu This lattice of
upper sets gives us a lattice of eleven spatio-temporahtxtand these appear in
figure 5. An explanation of the extents together with exaraji given in Table 1.

In this table the top and bottom elements of the lattice anétedas it should be
clear what is meant by the extents everywhere alwaijl)(and never anywhere
(O4). In the examples, which appear in the right hand column eftétble, we
have used a simple case of a space shown as a single rectatigkeamoments
in time. This is indicated by the text on the first examplethaligh the examples
thus use a discrete time and a continuous space, this isyrferelhe ease of
drawing simple examples. The concepts of somewhere andret Sme are not
tied to any particular kind of space or time and thus the matiof extent are quite
general and are valid whether space or time is discrete dmemus. In reading
the table it is important to bear in mind that ‘everywheredsupied at some time’
can easily be mis-interpreted. Itis used to mean that fayyeslement of the space
there is some time at which that element is occupied. It doesean that there
is a particular time at which the whole space is simultanlgooscupied. The
discussion in Section 4.1 may be helpful in interpretingdtegrams on the right
hand side of the table.

4 Spatio-Temporal Granulation

4.1 First Coarsening

To illustrate the use of the extents obtained in the prevemgdion, consider the
diagram in figure 6. This figure shows one space at nine tiraad for each
time a region in the space is shown by a shaded area. Taken laglawe have
a single spatio-temporal region. A physical interpretattould be that we are
looking at material on a conveyor belt (perhaps clay in akomaking factory).
The nine times correspond to nine snapshots of the state afthveyor. In such
a manufacturing example, we might want to use spatio-tealjgatents as part of
the knowledge representation component of an automatedariag system. To
summarize the spatio-temporal situation we can impose rautgtion, which is
indicated by the bold lines in figure 7. The granulation hageéd the space into
nine granules or cells. In this paper it will be assumed thsutdio-temporal gran-
ulation is determined by two granulations: one of time and ohspace. While
more general spatio-temporal granulations are clearlymapt, this simple kind
provides sufficient material for these initial investigeais.

We can give a coarse description of the spatio-temporabnelyiy specifying
for each granule the extent to which the region occupieshis & the extension
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4 somewhere sometime
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Figure 4. Implications between the six Compound Concepts
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Figure 5. The First System of Spatio-Temporal Extents
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Table 1

Soatio-temporal extents and their interpretations

oM, 40, UM

.<>7 ’D7 <>_.

D’) <>.7 ’_l:]

Somewhere is always occupied, and at son
time everywhere is, but not everywhere is al
ways occupied.

At every time some part of the space is oc
cupied, and at some time all of the space i
occupied, but there is no part of space whic
is always occupied

Everywhere in the space is occupied at son
time, and some place is always occupied, bi
at no time is the entire space occupied.

At some time all the space is occupied, but ¢
some time none of the space is occupied.

Everywhere in space is occupied at som
time, and at each time somewhere is oc
cupied, but there is not time at which all
of space is occupied nor anywhere in spac
which is always occupied.

Somewhere in space is occupied for all time
and for some time nowhere is occupied.

Everywhere in space is occupied at som
time, but there is no time at which all space
is occupied, and at some time nowhere is ot
cupied.

At every time somewhere is occupied, bu
there is nowhere which is always occupied
and somewhere is never occupied.

At sometime somewhere is occupied, bu
somewhere is never occupied, and at som
time nowhere is occupied.

ﬁlME‘l

TIME 2

TIMER
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Figure 6. Example, stage 1. One space at nine times

Figure 7. Example, stage 2. First Spatio-Temporal Granulation

to the spatio-temporal case of the simple example which apgein figure 1.
To achieve this for our example, we use the extents from éiduto obtain the
diagram in figure 8.

4.2 Repeated Coarsening

Now, continuing with the same example, suppose a furthemuy@éion is per-
formed. This is indicated by the bold lines in figure 9. Ea€these four granules
has to be assigned one of the extents. When we consider howthisdee find a
difficulty with the interpretations given to some of thewda extents. In particular
consider the large granule in the upper right corner. Thésgle is made up of
two cells. One of these cells is occupied to exw#ent B¢, and the other to extent
W), 41, ¢. If we were coarsening in one step from the space in figuraé, a
using the extents in figure 5, the final extent would ¢, 41, Ol. However,
this cannot be the correct way to coarsen the two cells witbres¢ ], B$, and
W), 600, #0. This is because two such cells could equally well have aiisan
alternative way, as shown in figure 10. In the figure eachefdrrows represents
one coarsening step. In fact we can see that there is no wélitothe question
mark in figure 10 with one of the eleven values from figure eproblem arises
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o0, mO o0, mO O, 60,00
o, O s I LN 10
o N I 04,06, MO X3

Figure 8. Example, stage 3. Coarse Spatio-Temporal Description

¢, EO ¢0,EO HO, 60, 0N
Om, mO im0 =l 10}
Ol O 06,06, B0 )

Figure 9. Example, stage 4. Second Spatio-Temporal Granulation

\/N_x O, 40,0
VAT |0, 60 Ol | = ?
4—/7 Ce. WO, OM, 407

Figure 10. The Problem of Repeated Coarsening
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Figure 11. Extents suitable for repeated coarsening

because the values refer to pairwise disjoint possilslitend the solution is to
weaken some of the eleven possibilities. This producesdttied in figure 11,
which differs from the previous one in five places.

The new system of extents no longer describes eleven paidigfint possi-
bilities. For example, if a granule is occupied to ext¢ai, MO, this implies it
is also occupied to exteni¢, M. These two extents are both needed because
in certain circumstances we may have enough informatior teube the extent is
4, EQ, but in other circumstances we may only be certaiiJ¢f B without
being able to exclude the more informati¢&l, (. These relationships pro-
vide a partial orderZ, on the extents witle; C e, being interpreted as; is
less informative tham,. Among the relationships afd¢, B T 40, WO and
H).0J¢ C OM. 0¢. The four element)M, ¢, M, andm¢, ¢J, W, and
Ce, 0N W, andCl¢, O, M are also related, in a way easily determined by
the implications of figure 4. The remaining three elememts ralated only to
themselves.

It is worth noting that the loss of detail when coarseningia steps as opposed
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Table 2
Rules for determining occupation concepts holdinggor

o Condition forO(g) to hold
Om  Vi,j Ol(gi;)

O® i, j O#(gsj
0 3,5 60(gs5
oM 3,5 OM(g;;
WO Vidj WO(gi;)
Ce Vi3 O4(gs5)

)
)AVE k# j = U (gix)
) AV k # i = OB(gy;)

to one was anticipated in the equations proposed by SteMartoys (1998) but
in that paper we had no explicit example of the phenomenon.

4.3 Rules of Coarsening

We now present the rules which specify how to coarsen a rdglmlled by the
eleven values in figure 11. To describe the rules, we assumatax of cells is
being condensed into a single granule.

g1 G912 Jin
g21 G922 g2n
9m1  Gm2 t 9mn

As in the example, each row in the matrix represents the sgraees them
different rows corresponding ta different times. Each column represents a part
of the space atn different times. In the matrix eacl; is a cell and the nota-
tion CJM(g,;) will be used to denote thaf; is occupied to the extenil. The
corresponding notation will be used for each of the othetbsigic concepts. In
Table 2 we give the rules for determining when each of the sixcepts holds
for g. From these basic concepts we can determine which of therelextents
holds forg, since each extent is a conjunction of these basic concegtshair
negations. Using these rules it is now possible to providesthrect labels for the
granulation in two stages of the space in figure 6; the regpears in figure 12.

5 Six-Valued Sub-system of Extents

In some applications, the system of eleven extents may bddtoled. Thus it
is useful to have the subsystem shown on the right of figure Tt8ese six ex-
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LIuN 10} ), ¢, 00N

Figure 12. Example, stage 5. Final Spatio-Temporal Granulation

tents arise from the eleven by collapsing each connectegaonent of the partial
orderC to its least element. This collapsing process is illustratefigure 14.
Alternatively, the sub-system can be generated from thedoncepts shown on
the left of figure 13. These four concepts generate a latfise jointly exhaustive
and pairwise disjoint possibilities.

6 Conclusions and Further Work

This paper has shown how the three notions of spatial exteittvarise from the
conceptseverywhere and somewhere can be generalized to the spatio-temporal
case. This generalization arises from the four conceyswhere, somewhere,
always and sometimes. From these four concepts, eleven notions of extent are
generated, but we have seen that the most obvious systemvehatxtents is not
in fact suitable for the granular description of spatioemal regions. The reason
for this lack of suitability was the failure of the first sdteleven extents to handle
the repeated coarsening of regions. A modified system ekalextents, which
are no longer pairwise disjoint, was obtained and the ruletwallow these
to be used in repeated coarsening were determined. Theyki#ra of eleven
gualitative spatio-temporal extents may be too detailegéone applications, so
a simpler system of only six extents was shown to be obtainiabin the eleven.
This set of six does have the property of being pairwise glisjAlthough there
has been much work on the representation of spatio-tempbeasige, and some
of this has been discussed in Section 2 above, the use ofearsgextents which
can be used for the granular description of spatio-tempegabns does not seem
to have been investigated before.

The work in this paper has been directed towards the ideatifin of a system
of extents, and, having accomplished this, there is mudhdumork for which it
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Figure 13. The Six Spatio-Temporal Extents
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Figure 14. Collapsing the eleven extents to six
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provides a foundation. Since the system of extents is a gération of the tripar-
tite classification used in Worboys’ work on finite resadurt spatial data (1998b),
it would be fruitful to investigate how far Worboys’ resuttan be generalized to
spatio-temporal data by using the extents derived in thiepa

It should be possible to extend the system of eleven spatiporal extents
to a more detailed classification by taking into account bloendaries of the
cells in the granulation. This would form a natural genestlon to the spatio-
temporal context of the researches of Bittner and Steltr§Bit 1997; Bittner &
Stell, 1998). A related question is how relations betweeamglarly represented
spatio-temporal regions can be described. What, for exagrapgehe appropriate
analogues of systems such as RCC5, RCC8, antt ted9- intersection models?
One direction to investigate this would be by using the systef spatio-temporal
extents to generalize the work in (Bittner & Stell, 2001) twegt the purely spatial
case.

Time has been assumed to be one dimensional in generatigsgsten of ex-
tents. However, models of time with two dimensions (evemietiand database
time) are of practical significance (Worboys, 1998a). Birig time to have two
dimensions we would have two notions of always and two netmfrsometimes.
When these are combined with the two spatial concepts of edeme and some-
where the resulting system of extents would clearly be miadeoeate just eleven
cases, but further work would be needed to determine itstéaan, and to find
appropriate sub-systems for particular applications e©trork on granularity for
a structured notion of time is reported in (Stell, 2003).
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