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Abstract: Wepresent a ne approach to temporal data modeling based on the
very general notion aemporal objectMoreover, we propose the database
embedding of temporal objects by means of ahstract data typ€ADT)
approach.We consider the xpressieness of dferent temporal database
embeddings, and we discuss the combination of temporal and spatial objects
into spatio-temporal objectén (relational) database®Ve eplain various
alternatves for spatio-temporal data models and databases and compare their
expressveness.

1 I ntroduction

In the past, in spite of mgrsimilarities, research in spatial and temporal data models
and databases hasdaly developed independently

Spatial database research [GU94] has focused on modeling, querying, guadinge
geometric and topological information in databasesttte modeling of spatial objects
spatial data typeg¢e.g. [SV89, SH91, GS95, Sc97]Meebeen identifid as appropriate
and eficient abstractions for modeling the geometric structure of spatial phenomena as
well as their relationships, properties, and operatMfesbase our deafition of spatial
objects on the point set approach and on point set topology [@asgatial object is
assumed to be represented by a generallyit@fpoint set with certain properties from
which different structures lik the boundary or the interior can be ideadifThere are
mainly two reasons for this &y of modeling: spatial objects modeled by the point set
approach are &€iently implementable and can be easily embedded in a (relational)
databaseThis leads us to the specifiubclass dfnear spatial objectsvhere linearity
is given through polygonal approximations. Movepthe \ast majority of optimization
methods and indéng techniquesilds upon such linear representations. Besides, this
approach fs very nicely with our model of temporal objects.

Temporal database research [T®G] has concentrated on modeling, querying, and
recording the temporalvelution of facts under dférent notions of time @lid time,
transaction time) and thus ortending the kneledge stored in databases about the
current and past states of the reatld. Traditionally, temporal data has been modeled
by tuple- or attribte-timestamped relationghis is a restricted we essentially pre-
venting the treatment abntinuoushange of temporal data. In contrast, a more general
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view is offered by a (simpligd) defhition of a temporal object as a function mapping
time to a certain codomain under some constraints, and this isstheofitrilution of
our paper:

1. We present aaery general model demporal objectsvhose defiition is based
on the obseration that apthing that changesver time can bexgressed as a
function over time.

Currently there are increasing imggation eforts striving for a combination of space
and time in “spatio-temporal data models and databadéshae already discussed
evolving problems and va presented arfit approach for a data model in [EGSV98].
A few other papers alreadyist that deal with the inggated modeling of space and
time, for instance, [\&94,YC93], lut they do not address the embedding in databases.

This paper nev views the topic from a rather fundamental perspeaind addition-
ally males the follaving contritution:

2. We propose the database embedding of temporal objects in the spirit of the
abstract data typ@pproach applied to the igi@tion of complg objects into
databases [SRG83, St86].

In spatial database technolodgr quite some time, spatial data typesenbeen inte-
grated aé\DTs for attritutes in relational schemas (e.g. [Gi88, SH91, Sda3Y) fr,
temporal databasesveabeen essentially based on atomic standard data itpesied
by an eplicitly or implicitly given type for timeTuples are associated with time
stamps; each tuple describes th#dity and the features of adt or objectWe shav
that temporal databases based onAb& approach are more werful than current
ones and that a simplatension compensates thisfdience for a particular class of
temporal objects.

3. We demonstrate the broad spectrum ofgragon options for temporal and spa-
tial objects intospatio-temporal objects (relational) databases and compare
their expressveness.

The \ariety of temporal and spatial data modefersf mary different possibilities for
combining temporal and spatial objects iisfgatio-temporal objectin (relational)
databasesNe discuss this design space argla&in different alternaties for spatio-
temporal data models and databases. One of our main conclusions here is:

Spatio-temporal objects arspecial cases of temporal objects

We compare thexpressieness of the dérent temporal, spatial, and spatio-temporal
data modelsWe focus on object representations and defer the treatment of operations
and query languages to a subsequent p&pespatio-temporal data models we estab-
lish a representation hierascli\n interesting visualization of spatio-temporal objects
for the linear case is a three-dimensionalwie the form of3D-polylinesfor moving

points and in the form gfolyhedrafor moving regions [EGSV98], respeetly. We

1. Itis widely known that spatial databases supporting the ADT approach can represent the same
information as those decomposing spatial objects into a set of tuples in flat relations [BS77,
Ro087].



shaw that, surprisinglythe polyhedra model is not comparable tpmodel of our hier
archy.

The rest of the paper is structured as fedioSections 2 and 3 deéi a model for spa-
tial and temporal objects and describe a representation for their use in datdleases.
also considerxressieness of the diérent temporal modeling alternags. Section 4
deals with the design space obtained when combining spatial and temporal @ajects.
ious spatio-temporal data models axplained, and a number of relationships between
the diferent models are stvm. Section 5 concludes the paper

2  Spatial Objectsand Spatial Databases

2.1 Spatial Objects

Space is assumed to be composed dfibefy mary points; it corresponds to thedw
dimensional Euclidean spalf®. Each spatial featu®is regarded as an arbitranyos-
sibly infinite, point seS [ IR%. We here tak anADT approach and usspatial data
typesfor points and rgions as appropriate abstractions of spatial phenomena. Elements
of spatial data types are callspatial objectsThe set of all spatial objects is denoted
by SO =Point 0 RegionwherePoint andRegionare the set of all point andgien
objects, respeately, and we also speak of the SO-model. Mathematicatitiefis of
regions can be based on point set topologyyvtdaapplication-specifianomalies we
use rgular closed sets andgarized set operationsigD, ES97]. Br the implemen-
tation we need flite descriptions of point sets, and we emgpinear approximations
of spatial objectsThe set of allinear spatial objectss denoted byO. Out of sgeral
implementation alternates, our selection is to approximatgioms by a typéolygon
consisting of sets of polygons possibly with polygonal holdge Points remain
unchanged.

2.2 Representation of Spatial Objectsin Databases

A relation schem®& s written asR(A; : Dy, ...,A, : D) where the; are theattributes
of R. For a relatiorr : R(Aq : Dy, ...,A;: D) holds:r 0 Dq x D, x ... x D,,. Tuples are
described in the formAg =x, A5 =b, ...); only the alues of interest are sha.

Principally, there are te methods of ingrating spatial objects into relational data-
bases.The frst method is to embed spatial objects directhABS's, i.e., a single
attribute \alue contains a complete spatial obj&&: a, ...) fora 0 GEO = {Point,
Region Polygor}. This applies to the SO ai®D model.The corresponding relational
data models are called SO-REL &8@-REL; they denote the set of relations with at
least one attrilnte of a (linear) spatial data typerfsimplicity we assume that each such
relation hasxactly one spatial attriie. The second method leads us to S-REL which
denotes the set of relations modeling spatial features only with atomic standantkattrib
types.A polygon is represented as a set of tuples each storing the coordinates of tw
points representing a gment of the boundary representation of a polygon [BS77,
Ro87].

A more detailed description of the SO-models and their representation in data-
bases is gen in the full paper [ESG97].



3  Temporal Objectsand Temporal Databases

3.1 A Model of Temporal Objects

When defiiing a model for temporal objects one has to decide about a model of time.
We choose — mainly for consistgnwith the spatial domains — time to be continuous,
i.e.,time=IR. Naw arything that changesver time can bex@ressed as a functioner

time, i.e., the temporalkvsion of objects of a tygeis given by a function of typeéme

- a, called aemporalfunction The type of all (partial) temporal functions is simply:

@(a) =time - a

We have to deal with representations that are computationally tracTdiiemeans that

for an arbitrary temporal functidii] @(a) we can determine theale off at ary time

of its domainThus, we restriop(a) to computable functions. It is also important to be
able to computealues of the imerse function, i.e., ask for the times at which a temporal
object took a spectfivalue. Further restrictions result from the need tagiatie tem-
poral objects into the relational model and from compatibility with the chosen model
for spatial objectsThus, we restrict the domain @fto finite sets of time points and
intervals. For ary typea that has a total order < (and equality =) werdgethe type of
non-empty (open and closed) intelwvover a as follavs:

(@) = 0{l x v, I Y1, [x YL 1% v | x, y Oa} - { O} where
[xyl={aOa|x<as<y} ]xy]|={ala|x<asy} [x, y[={ala |x<a<y}, etc.

This way we can encode continuous partg'af domain by interads, i.e., the domain
of a temporal object isgen by a fite set of pairwise disjoint intesis (ary time point
t can well be represented by agdeerated intenl [t, t] = {t}.) We can nw define the
type constructor foremporal objectss:

(o) = 1(time) - @(a) (=1(timg - time - a)
whereOwOt(a): (1)OI1,J0domw) : 1 0J0O(time
(2 01 0 domw) : dom(ex(l)) =1

This means a temporal objecis defned on a set of pairwise disjoint and non-adjacent
intervals and associates with each inédrof its domain a (partial) temporal function
whose domain is just that intedvThe set of all temporal objects is denoted’y and
we also speak of thHEO-model.There are at least tweasons for considering onig-
ear temporal functions as a further restriction of temporal objects: (i) itfisulifto
compute with general functions, and (ii) a linear temporal function has a straightfor
ward representation, which is particularly important for thegiatigon into relations:
store the functionalues of the boundaries of intats and use predefid interpreta-
tions for dewing function \alues for the interior of inteals.

In order to formalize the notion of linearity we considguanent typesi that hae
a certain algebraic structure (we call these tyipesr smooth: there must be a non-
trivial type/A(a) O a - o of functions ora for which two conditions hold: fst, a scalar
multiplication is defied, i.e.Jf O A(a),r OIR:rf:a - ais a well-defned function
(with 1f =f). Second, the functiof : a x a - A(a) yields for two valuesx, y 0 a a
functiond which captures the “dirence” betweer andy; in particular 8(x) =y must



hold.Then, by virtue of the scalar multiplicatioralues in the interior of an inteabcan
be computed b$. For instance, foo = IR the usual linear transition froxtoy is cap-
tured byA(x, y) =AX.X'+(y-X) where scalar multiplication is deéd asr-(AX. X' +(y-X))

= AX.X+r-(y-X). The reason whA is defned to return a function and not simply a dif-
ference wlue is that the linear interpretation fof] GEO is gven by afine mappings
(see Sectiod), and for these the functional wiés much easier to handle than tladue
approach.

Now thelinear temporal objecfTO) model can be defed as a linear specialization
of theTO-model (\ery much lile SO is a specialization of SO). Bit;, t,] we denote
an arbitrary open, closed, or semi-open time irtierand we lett]] = ¢-t))/(t>-t)). We
say that a temporal functidn time — a is k-piecewisdinear if:

Ok OIN: dOlT'(f) = D]sisk Ii with Ii :Itl* t21 O |:|1Si<j$k: Ii N |J =0
DOz > 100 101 £0) = (HIAX ) )
wherex = lim,,_ ,, f(t;+1/n) andy = lim,, _ ., f(t>-1/n)

A k-piecavise linear function is alays also K+1)-piecavise linearTo get a canonical
(and eficient) representation we look for minimal decompositions of iaterVhere-
fore, we say thaftis minimally decomposebr maximally piecewiseor justk-piece-
wis@ if fisk-piecevise lineay but not k-1)-piecavise linearThen theminimal decom-
positionof f is defned as the partition(f) ={(1;, fy,) | 1=i<k} wherefrg, = {(x, f(x)) | x
O D}. Now the type of linear temporal objects isidefl by the type constructoras
follows.

T(0) = {wO1(a) | (1) a is linear smooth
(2 01 Odomwy): I| = 10w(l) is k-piecavise}

Note that we cannot simply restrioto be linear on each of its intafg, we rather ha
to refine this condition to fiite partitions of each inteall becauseo might hare dif-
ferent linear behaors onl. Therefore, we ha used the notion of piegese linearity
Itis obvious that linear temporal objects are a strict subset of (general) temporal objects:

Lemma3.1. TOOTO.

3.2 Representation of Temporal Objectsin Databases

The intgyration of temporal objects into relational databases can be done principally in
two ways: temporal objects can be embedded directh8ss, i.e., a single attrilie
contains a complete temporal objeR(O : 1(a), ...). This applies to th&O andTO
models.The corresponding data models are cal€@#REL andTO-REL, and the
denote the set of relations with at least one atiibeing of a (linear) temporal object
type. For simplicity we assume in the sequel that each such relatiordettyene tem-

poral attritute? In contrastT-REL denotes relations with only atomic attrié types
(includingtime). T-REL as defied belav gives a unifying vier on different traditional
tuple-timestampetimodels of temporal databases. Each temporal object is represented

2. The general case requires that the time domains of different temporal objects have to be “syn-
chronized” by finding a common interval refinement when mapping to T-REL. This is not dif-
ficult, but makes the definitions longer.



by a set of tuples each storingaue of typen, a time stamp, and afi B indicating
the future walue beheior: R(A: a, T:time B: {d, c, 1}, ...). B specifes the alues in
between tw time stamps, i.e, @n two tuples A=xT=t;,B=Db,...) and
(A=y, T=ty ...) of arelatior OT-REL wherell (T=tg, ...) Or:tz<t; Otz >ty the
value ofA at ary timet; <t <t,, denoted by(t), is:

Interpretation Definition b Name
completely undefied Adty =0 d | discrete
valid up to the et definition | AS(t) = x c | (stepwisgconstant
changes continuously A = (1A Y) () | |linear

(In the informal model of [YC93§pline interpolatioris suggested as another interpre-
tation.) To be compatible witfO andTO we consider a furtherdl C : IB for distin-
guishing closed and open intafs: C =true < Ais a\alid value afT (otherwiseA is
used only for deving values in the interior of the preceeding and/or thevioiig inter
val).

In order to compar&REL with TO-REL andTO-REL we defie the temporal object
represented by a relation fromREL. Letr = {(A=a;, T=t;,B=Db;,C=¢y, ...),
. (A=a, T=t,B=b,,C=c, ..)}: RA:a, T:timgB:{d,c I}, C:IB,..)OT-
REL be a (sub-) relation containing only tuples describing one temporal object (i.e., the
projection to all attrintes™ {A, T, B, C} yields a relation of a single tuple). First, we
derive the set of temporal functions for the intdswrepresented in

d(r) ={{(t, Abi(t)) It <t<ti.g O{(Y, &)l =true jO{i,i+1}} [1<i<n}

Next we hae to map each inteal to its corresponding temporal functioile get:
{(don(f), f) |f O @(r)}. Note that this isiotyet the fhal temporal object, since there are,
in general, more inteals in theT-REL representation than in the corresponding tem-
poral objectTherefore, we ha to normalize by mging temporal functions on adja-
cent interals. This can be done by the functign

Yo Ey({(l 0J,f09)} 0w) if w: w={(1,1), J,9)} 0« with1OJO(time)
W) =

Ow otherwise
Hence, the temporal object denoted by relati@finally given by:

o1(r) = y{(donf), f) | f T ®(r)})

For relationsr that do not properly represent temporal objeg{(s) is undefined, i.e.,
CT(r) =[.

Next we hae to define the representation of a linear temporal ohijeas a relation
r O T-REL. Therefore, we fit partition each inteaf of w's domain into maximal sub-
intervals so that the corresponding temporal function is linear on each of these sub-
intervals.We obtain this through the minimal decompositioMNote carefullythat we
cannot represent “linear functions falled by a jump”, bt only jumps after stepwise

3. In contrast, attribute-timestamped models like that of [SS93] correspond more closely to the
ADT view.



constant parts because wedapent for each inteazonly one attribte of typen. This
means that we cannot represent a function trdtes linearly fromxtoy and continues
with z#y. Thus, the representation functiprdescribed in the sequel is only partially
defined.

Consider ak-piecavise temporal functiorf. Let don(f) = [y I} with [
=Tt 1, b o0, X = limy_ o f(tj 1+1/n), andy; = limy, o, f(t; -1/n). If x; =y;, letb; = c. Oth-
erwise, ify; = X1, thenb; =1. Otherwisep”(f) (see belw) is undefiied.Then

p"(f) = {(A=x;, T=t; 1,B=by,C=(t; 1 T 1)) | I=i<k} O {(A=yj T=t 2,B=d,C=(ty 2 0 1))}
Now the relation representingyatemporal function of a temporal object ise by:
_ E{(A =f(t), T=t,B=d, C=true)} if dom(f) = {t}

(f
P Op"(f) otherwise

Finally, the relation representing a complete linear temporal object is:
pr(w) = U, 1)ow P(f)

3.3 Expressiveness of Temporal Data M odels

To compare the diérent models we use operations from the? Mélational model
[SS86] to describe mappingwieen them. LeV[AS: A; f] be thenestoperator that
takes in addition to the set of attntesASto be nested a functidnthat is applied to
each resulting sub-relatioh Thenf(r’) is stored under the attiille A (instead of’).
Similarly, the unnestoperatorp[A : AS f](r) applies the functiori to the alue of
attribute A of each ofr’s tuples and produces a relation of sch&@®that is embedded
intor.

Next we can compare the tifent temporal data models. First, wegthat TO-
REL is more gpressie thanT-REL, but with two simple &tensionsT-REL becomes
equivalent toTO-REL. This means that thADT approach is essentially eailent to
simple temporal relational models a@s &s linear temporal beliar is concernediVe
also shwv that, in general hwever, TO-REL is more paverful than bothTO-REL and
T-REL.

The diference betweenO-REL andT-REL lies essentially in thadt that one tuple
in TO-REL is represented by a set of tuples (= sub-relation]-REL. We can defie
two simple transformations to map betwéBR-REL and T-REL. Any relation r :
R(A:a, T:time B:{dc,|}, C:IB, ...) OT-REL can be transformed into an ecalent
relations 0 TO-REL simply by

s=V[{AT,B,C}: O; o1](r)
Likewise, ary relations 0 TO-REL can be transformed intaTeREL relationr by:
r=po:{ATB,C}; pfl(9

Letv(T-REL) = {v[{A T, B, C}: O; o{](r) | r O T-REL} - {0}, and letu(T-REL) =
{u[O:{A T, B, C}; pyl(r) | r O TO-REL}. Now we first have:

Theorem 3.1. v(T-REL) O TO-REL.



Proof. Sinceoy is a total function, it is clear that eaBfREL can be transformed into

a correspondindO-REL. The fact that the inclusion is proper is grounded in the-par
tiality of p1: since each linear function folled by a jump cannot be represented by a
T-REL, there are mor€O-RELs tharl-RELs. ]

There is anen more important diérence betweef-REL andTO-REL that gets lost
by lifting T-REL to theADT-level of TO-REL: non-temporal attrilites in aTO-REL
exist independently from the domain of the temporal aitebln contrast, an additional
(implicit) rule would be needed to distinguish temporal atitéls from non-temporal
ones inT-REL. This reflects thedct that attribte-timestamped temporal models are, in
general, morex@ressie than tuple-timestamped models.

If we extendT-REL by storing an additional-attribute (and a secor@-flag speci-
fying the definedness at the end of intals), we can actually represent all linear tem-
poral objects in #t relations. Let us call such a mo@iétREL. (Of course, we va to
redefne and gtend thept ando transformations, tooJhen:

Theorem 3.2. v(T*-REL) = TO-REL andp(TO-REL) =T*-REL.

Still the ADT-approach is more general when we do not restrict o@sety linear
behaiors.As a direct corollary of Lemma.1 we obtain:

Theorem 3.3. TO-REL 0 TO-REL.

4  Spatio-Temporal Data Types and Data Models

Now that we knar howv to model spatial and temporal objects anda tmintegrate them
into databases we can consider their combination.

4.1 Landscape of Spatio-Temporal Data M odels

A straightforvard approach is indicated by tlaefthat is a type constructor: it is vb
ous to apply to types from GEO to immediately obtaipatio-temporal objectSTO).
The types of this model comprise wirg objects, i.e., M@ = {t1(Point), T(Regior),
1(Polygon}). Again we can restrict ourseas to linear objects, both for the temporal
and the spatial component, and obtain the folig models and types:

Model | linear component Types

STO - T(Point), T(Region
STO spatial 1(Point), T1(Polygon
STO temporal T(Point), T(Region
STO | spatial & temporal| T(Point), T(Polygon

Note that before we can apgiyto either geometric type 0 GEO we hse to ensure

that these are all linear smooftherefore, we ha to identify reasonable typéga).

The choice here is not uniqueyjthfor points arbitrary ector meements, and for
regions and polygonaffine mappinggrovide well-understood and general models of
geometric transformations that are also amenable to scalar multiplication and to the dif-



ference operatoh. Actually, scalar multiplication is already deéid for both ectors
and afine mappingsThe A operation is defied for points ad(p, q) = Ap’.p'+(g-p)
where “+” and “-" are usualector addition and subtractiofhus,A simply records the
vector that translatgsto g. The scalar multiplication is defd as-(A\p’.p'+(g-p)) =
Ap’.p'+r-(g-p), and thus the intermediate positions of a pointingpfrom p (directly)
to g all lie on the straight line connectipgandg. For polygons (and gions) the dif-
ference is defied component-wis& For two polygons we hae: A(P, Q) = Ap.H-p+v
where the matrix

H= (‘é‘ 5’) and the ectorv = (gj
contain altogether sixaviables that are fully determined by three pairs of corresponding
points fromP andQ as follovs. For each tw corresponding poings = (X, y) andq =
(X, y) we know:

X = ax+by+vy and y =cxtdytvy

For three diferent pairs of points we thus obtain six equations which aficisut to

compute the parametees b, c, d, vy, andv,. Scalar multiplication is defed as
r-AAp.H-p+v) =Ap.(r-H)-p+r-v. Now we can also see whve do not tak afine mappings
for points, lut just \ector translation: since it is not possible to infer dimaftransfor

mation from just tw points, it vould be impossible to deiA.

In the abwoe table we hae only listedADTs. However, when we consider the inte-
gration into relations we can also as a further altamaatistinguish the encoding of
objects by a set of tuple$his applies to the spatial as well as to the temporal object
part.We get the follaving eight modeling combinations where for each model we gi
its name and the attrite types of spatio-temporal objects (see table bglo

TO TO T (k snapshots)

SO T(Region STO | T(Region STO | Regio®¥ SOT

S0 T(Polygoy STO | T(Polygo) STO | Polygorf¥ SOT

S (m segments [T(Ling™] TOS| Linekm ST

Apart from the already mentioned “fulADT versions (i.e., spatial and temporal
objects are both inggated a&\DTs), the model SO (SOT) denotes a model where (lin-
ear) spatial objects are igtated into a tuple-tinslamped temporal database: for each
shapshot the currenthalid version of the spatial object is stordthis is indicated by
the xponent K) expressing that there akduples representing all ttkkesnapshots. Sim-
ilarly, TOS denotes the model where spatial objects (i.e., polygons) are encoded by
tuples — for each genent one tuple —, and the temporal bétras given by linear tem-
poral objectsThis means eachvelving polygon is represented bytemporal objects
storing the behaor of each sgment.This seems to be a rather unrealistic model

4. We notice that the number of components cannot change for linear areas. So we cannot model
the splitting or merging of regions.

5. We give only the type for areal objects; for points all entries in the first (second) column are
1(Point) (T(Point), and the third column always contaeint®).



(mostly because temporal object models do xist go fir), havever, SOT andSOT are
concevable, since spatial object models do alreadsteSo these tarmodels describe
the option of simply combiningxesting database technology for spatial and temporal
databasedlMe hare omitted a possible mod&DS of unconstrained temporal objects
storing sgment representations of polygons, since it seems to be raffaritlib “syn-
chronize” arbitrary temporal line objects so thaythlvays complement into a proper
polygon. Finally the most simple model that does notABd's at all is the ST model
which represents a changing polygonkay tuples wheram tuples representing one
polygon snapshot get a common time stamp.

4.2 Expressiveness of Spatio-Temporal Models

All the different models presented aledorm
a hierarcly which we will describe ne. We STO b
obtain a representation hieraychs shan on V &L
the right.An arrav from modelA to modelB STO

means A is less Bpressve thanB’, i.e., A [J 4.5a 4/‘“’/ 4.6b
B. The edge labels sexas indices to the cor ST0%2Tos Sor
responding theorems. First, we combine and 4.4
generalize results about spatial objects (see 42;‘?‘\

full paper) and ofTheorem3.1 Apart from SOT*#%ST

aggreating spatial and temporal objects in an

ST-REL separately (by means v andvy), we can also consider the quasi-simulta-
neous agggationvg(ST-REL) = v(VyST-REL)). pr+ is the &tension ofyt into a
total function mapping to thexeended representation SREL, andv+ is the corre-
sponding gtension ofvr. We also us@g+(ST'-REL) =vr+(vgST"-REL)). First, we
can obserg (see full paper):

Fact 4.1. v(S-REL) =SO-REL andug(SO-REL) = S-REL.
Now we hae:

Theorem 4.2. (a)v(ST-REL) =SOT-REL
(b) vs7+(u+(TOS-REL)) =STO-REL
(c) vi(STREL) O TOS-REL
(d) vex(STREL) O STO-REL

Proof. Part (a) follavs directly from &ct4.1 Part (b) deseres somexplanations: First,
we cannot simply applysto TOS-REL because the spatial atttéis are hidden in tem-
poral objects, so we i@ to unpack them beforehand.wwer, we must beery careful
here: sincgly is not totally defied onTOS-REL (STREL is a true subsetT®S-REL)
we hae to map to thexéended representation SREL by means of thexéended
unnesting functiopir+ We then knav: pu+(TOS-REL) = ST-REL. Now we can aggre-
gate the spatial objects and get (from part g))ST-REL) =SOT"-REL. Finally we
can aggrgate the temporal objects and obtain (as a corollaryrhaforem 3.2):
v+(SOT*-REL) = STO-REL. Rart (c) follows directly fromTheorem3.1, and (d) fol-
lows from (b) and (c). U]

We also hee corresponding results for SREL:



Theorem 4.3. (a) vr+(ST'-REL) =TOS-REL
(b) ve+(ST*-REL) =STO-REL

TheoremsA.2 and4.3 express relationships of theaflrelational model wt. (linear)
ADT models. N&t we shaev relationships that result from the polygons being special
cases of generalg®ns.

Theorem 4.4. (a) SOT-REL O SOT-REL
(b) STO-REL O STO-REL
(c) STO-REL O STO-REL

This theorem essentially folls from the &ct thatSO O SO. Similarly as a corollary
of Lemma3.1we obtain the follwing result &pressing that relations with linear tem-
poral objects are lesg@ressve than relations with general temporal objects:

Theorem 4.5. (a) STO-REL O STO-REL
(b) STO-REL O STO-REL

And finally, as a corollary ofheorems3.1and3.2, we obtain (note that part (a) is actu-
ally equvalent toTheoremd.2(c)):

Theorem 4.6. (a) v(SOT-REL) 0 STO-REL
(b) v{(SOT-REL) 0 STO-REL
(c) vr+(SOT*-REL) =STO-REL
(d) vr+(SOT*-REL) = STO-REL

It is very instructve to imagine spatio-temporal objects as 3D-objdtien the difer-

ent models presented relate directly tdedént features and restrictions of 3D-objects.
For instance, SO describes rather arbitrargplumes (or cures in the case of points),
whereasSTO is restricted to ragion objects with polygonal fices parallel to thex-y
plane. §O (STO) restricts SO (STO) further to straight translations and scalings plus
rotations wr.t. thet-axis (for points: translations onlyJwo severe restrictions o8TO

(that result from difne mappings) are: (i) the number of components cannot change, and
(ii) the number of ertices of polygons cannot chang¢hen considering linear repre-
sentations (todcilitate eficient computations) and 3D-objects, we can also imagine
moving regions being represented pglyhedra It is then interesting to note that poly-
hedra are not comparable irpeessieness t&TO: polyhedra cannot represent rota-
tions, hut they can well model changes in the numbers of components and polggon v
tices.

5 Conclusions

We hare presented a memodel for temporal objects and temporal databases that, in
particular offers quite diferent modeling options for spatio-temporal datababkes.
investication of the relatie expressieness of the diérent models gies a clear picture

of the relationships between these models. In partidtileain be seen that, compared
with the traditional (ft) view of temporal databases, tABT approach is moreersa-

tile and ofers much more controlver temporal behaor, even for linearly constrained



objects. Future wrk should consider other specifipatio-temporal object models (such
as polyhedra) in more detail.
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