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Abstract: Currently, there are strong efforts to integrate spatial and temporal database technobpgy into
tio-temporal database systems. This paper views the topic from a rather fundamental perspective and makes
several contributions. First, it reviews existing temporal and spatial data modgeaedts a completely

new approach to temporal data modeling based onghegeneral notion démporal object. The definition

of temporal objects is centered around the olagienv that apthing that changesver time can bex@ressed

as a function eer time. for the modeling of spatial objects the well wmoconcept ofpatial data types is
employed. As specific subclasséifiear temporal and spatial objects are identified. Second, the paper pro-
poses the database embedding of temporal objects by meanslustithet data type (ADT) approach to the
integration of comple objects into databases. Furthermore, wearsittements about thepeessveness of
different temporal and spatial database embeddings. Third, we consider the combination of temporal and
spatial objects intgpatio-temporal objectsin (relational) databases.e/éplain various alternaties for spa-
tio-temporal data models and databases and comparexpeisgieness. Spatio-temporal objects turn out

to be specific instances of temporal objects.

1 I ntroduction

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

Spatial database research [G194] has focused on modeling, querying, gradiitgeyeometric and topological
information in databasesoFthe modeling of spatial objects the well Wmoconcept ofpatial data types (e.qg.

[SV89, SHI1, GS95, Sc97]) has ped \ery useful. These kra been identified as appropriate arfitieit abstrac-

tions for modeling the geometric structure of spatial phenomena as well as their relationships, properties, and oper-
ations. There are alsowerful logical approaches to the modeling of geometry and topology [CCR93, PGB94]. A
currently very popular proposal pursues the constraint approach [KKR95] which can especially serve as a theoret-
ically well-founded basis for spatial modeling. Here, a spatial object is modeled as a usually infinite point set in a
k-dimensional space or, in other words, as a possibly inkratg relation. Since finite representations are needed,
points belonging to an infinite relation are described by a formula of some logical theory. A spatial object is then
represented as a sex{(....Xo | ¢(Xq, ...,x)} wherexy, ...,x, are real variables occurring free in formé¢ila/arious

classes of constraints with different expressive power have been studied, e.g., polynomial constraints [KKR95,
PGB94] or linear (polynomial) constraints, e.g., [VGG95, GRSS97, BBC97].

We base our definition of spatial objects on the point set approach and on point set topology [Ga64]. A spatial
object is assumed to be represented by a generally infinite point set with certain properties from fereci dif
structures like the boundary or the interior can be identified. There are mainetgons for thisay of modeling:
spatial objects modeled by the point set approach ficeerfly implementable and can be easily embedded in a
(relational) database. This leads us to the specific subclissanfspatial objects where linearity is gien through
polygonal approximations. Moreer, the \ast majority of optimization methods and it techniques tilds
upon such linear representations. Besides, this approachrijitaicely with our model of temporal objects.

Temporal database research [T®G] has concentrated on modeling, querying, and recording the temmral e
lution of facts under dférent notions of time @lid time, transaction time) and thus ottending the knaledge
stored in databases about the current and past states of therteéalmaditionally temporal data has been modeled
by tuple- or attrite-timestamped relations. This is a restricted/widnich complicates ornven preents the treat-
ment ofcontinuous change of temporal data. In contrast, a more generliviefered by a (simplified) definition
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of a temporal object as a function mapping time to a certain codomain under some constraints, and this is the first
contribution of our paper:

1. We present aery general model démporal objects whose definition is based on the obséinn that ay-
thing that changesver time can bex@ressed as a functiower time.

Again, we can identify the casel@fiear temporal objectsin which the temporaMelution of an entity is described
by some kind of “linear” transition from one state to thetne

Currently there are increasing impeation eforts strving for a combination of space and time in “spatio-tempo-
ral data models and databasesg ke already discusseda@ving problems and wva presented a first approach
for a data model in [EGSV98]. Avieother papers alreadyist that deal with the intgated modeling of space and
time, for instance, [\@94,YC93], lut they do not address the embedding in databases.

This paper na views the topic from a rather fundamental perspeaid additionally mads the follaving con-
tributions:

2. We propose the database embedding of temporal objects in the spirit alfstiteet data type (ADT)
approach applied to the igiation of comple objects into databases [SRG83, St86].

In spatial database technolod@gr quite some time, spatial data typesehbeen intgrated as ADTSs for attrilies

in relational schemas (e.g. [GU88, SH9I1, Scéﬂ;n far, temporal databasesuveabeen essentially based on atomic
standard data typestended by anlicitly or implicitly given type for time. Uiples are associated with time
stamps; each tuple describes thkdity and the features of adt or object. W shev that temporal databases based
on the ADT approach are morevperful than current ones and that a simpieesion compensates thisfdience
for a particular class of temporal objects.

3. We demonstrate the broad spectrum ofgrdagon options for temporal and spatial objects #phtio-tem-
poral objectsin (relational) databases and compare thgressieness.

The \ariety of temporal and spatial data modefersfmary different possibilities for combining temporal and spa-
tial objects intaspatio-temporal objectsin (relational) databases.eMiscuss this design space axyla&n different
alternatves for spatio-temporal data models and databases. One of our main conclusions here is:

Spatio-temporal objects are special cases of temporal objects

In this paper we will ignore line objects and only deal with the temporaViloeltd points and rgions which leads

to moving points andmoving regions (this is motvated in [EGSV98]). W compare thexpressveness of the dif-

ferent temporal, spatial, and spatio-temporal data models. In this paper we focus on object representations and defer
the tratment of operations and query languages to a subsequertrospEatio-temporal data models we establish

a representation hierarghAn interesting visualization of spatio-temporal objects for the linear case is a three-
dimensional vier in the form of3D-polylines for moving points and in the form gilyhedra for moving regions

[EGSV98], respectely. We shav that, surprisinglythe polyhedra model is not comparable tg arodel of our

hierarcly.

The rest of the paper is structured as feioSections 2 and 3 define a model for spatial and temporal objects,
respectiely, and describe an appropriate representation of these objects in databases. Bgsjatesgtitestate-
ments about thexpressieness of the respeati temporal and spatial modeling altermesi. Section 4 deals with
the design space obtained when combining spatial and temporal objiss\épatio-temporal data models are
explained, and a number of relationships between tlerdift models are sthvm. Section 5 concludes the paper

2  Spatial Objectsand Spatial Databases

21 A Model of Spatial Objects

Spatio-temporal objects describe geometric changes of spatial objectsnee. V& first deal with the spatial
aspect of spatio-temporal objects and focus on spatial features and thedtioteinto spatial databases. In order

1. Itis widely known that spatial databases supporting the ADT approach can represent the same information as those decom-
posing spatial objects into a set of tuples in flat relations [BS77, Ro87].



to find abasisfor discussion we view spatial features on three abstraction levels: the raw level, the model level, and
the representation level. The raw level is centered around the concept of a point set. Space is assumed to be com-
posed of infinitely many points; it corresponds to the n-dimensional Euclidean space IR", n O IN. Each spatial fea-
ture Sisregarded as an arbitrary, possibly infinite, point set SO IR". Hence, the raw or mathematical type of the set
of al spatia featuresis oR" This perspective is very general in the sense that spatial features carry no special
semantic information and that nothing is said about their formal definition and their representation. In the sequel
we will only be interested in two-dimensional Euclidean space IR,

Themodel level gives semanticsto point sets and forms the interface between the very general raw level and the
concrete representation level. We consider only decidable point sets; otherwise there is no possibility to represent
them on computers. Another important requirement is, of course, that the selected model is implementable at the
representation level and that its objects can be embedded in arelational database. Besides, we would like to com-
pare and combine this model with our temporal model discussed in the next section. As mentioned in the introduc-
tion, we here take an abstract datatype (ADT) approach and use spatial data typesfor points and regions as appro-
priate abstractions of spatial phenomena. Elements of spatial data types are called spatial objects. The set of all
spatial objectsis denoted by SO, and we aso speak of the SO-model.

The representation level offers implementation concepts for spatial objects. I1ts main goal is the provision of
finite object representations that can be efficiently stored in and retrieved from a database. Since it is usually diffi-
cult to represent arbitrarily shaped spatial objects, we here employ linear approximations of spatial objects. These
have straightforward representations as we will see below. We call the objects of this level linear spatial objects
and denote the set of all these objects by SO. Out of several implementation alternatives, our selection isto approx-
imate regions by sets of polygons possibly with polygonal holes. Points remain unchanged on thislevel.

On the model level we consider SO = Point (I Region where Point and Region are the set of all point and region
objects, respectively. Points are the atoms of our underlying space, and hence apoint isan element of IR?. A region
isafinite set of digoint, closed, and connected areal components possibly with digoint holes. This model is very
general and closed under (appropriately defined) geometric union, intersection, difference, and complement oper-
ations. It allows regions to contain holes and islands within holes to any finite level.

A mathematical definition for regions can be based on point set topology which provides several operatorsiden-
tifying different structures of a point set (like its interior, boundary, and closure). A problem of point sets is that
they can have geometric anomalies like isolated or dangling line or point features and missing lines and pointsin
the form of cuts and punctures. From an application point of view, these anomalies are undesirable and avoided by
the concept of regularity. A set YO IR? is called regular closed if Y = closure(interior(Y)). Hence, we can define a
regularization function which maps a set Y to its corresponding regular closed set: reg(Y) := closure(interior(Y)).
A region is then defined as aregular closed set. Geometric operations on regions correspond to regular set opera-
tions on regular closed sets. Their definition preserves regularity and is reduced to the regularization of the result
of the corresponding set operations on two regular closed sets [Ti80, ES97].

The SO-model can now be defined as alinear specialization of the SO-model. Obviously, point objects remain
unchanged. If we speak about regular closed sets, their topology isirrelevant. But if we intend to represent regular
closed sets by finite means, we are forced to identify their structure. We are now interested in regions where the
boundary of each component and each holeisformed by asequence of straight line segments. To simplify our tech-
nical exposition in the sequel, we confine oursel vesto aregion model which defines aregion as a single component
without holes; the extension to general regionsis straightforward (definitions for the general case can be found in
[WB93, Sc97]). The (restricted) set Polygon of all polygons can then be defined as follows:

Polygon = {P O Region | Opg, P1, ---» Pn-1 O boundary(P) :
(1) 0i0{0, ..., n-1} 1 5 ={rp; + (1-r) P+ modn [T U IR, 01 < 1}
(@O00<itl<j<n:ignsg=0
(3) 0i0{0, .., n1} : 5 and 5.4 are not collinear
(4) boundary(P) = Oocicn1 S }

Condition (1) describes the boundary as a sequence of non-intersecting segments. This definition provides a very
efficient and finite description formalism for polygons which is known as boundary representation. Each polygon
isdescribed either as asequence (P, ..., Pn.1) Of pointsor asasequence (sy, ---, Sp-1) Of segmentswith the semantics
described above. Condition (2) requires that non-consecutive segments are disjoint. Condition (3) takes care of the
minimality of the selected points p; of the boundary to achieve a space-efficient representation. Condition (4) says



that the union of all segments just forms the boundary. It is obvious that linear spatial objects are a strict subset of
(general) spatial objects:

Lemma2.1. SO O SO.

Proof. Take circles as examples for spatial objects bounded by curves. It is clear that these objects cannot be rep-
resented but only approximated by boundary representations. |

2.2 Representation of Spatial Objectsin Databases

We now consider the embedding of spatial objectsin relational databases. A relation scheme R iswritten as R(A;
1Dy, ..., Ay 1 D) wherethe A; arethe attributes of R. For arelationr : R(A; : Dy, ..., A, : D) holds: r [0 Dy x D, x
... X Dy, Tuples are described in the form (A; = x, A = b, ...); only the values of interest are shown.

Principally, there are two methods of integrating spatial objectsinto relational databases. The first method isto
embed spatial objectsdirectly as ADTS, i.e., asingle attribute value contains a compl ete spatial object: R(S: q, ...)
for o O GEO = { Point, Region, Polygon}. This appliesto the SO and SO model. The corresponding relational data
models are called SO-REL and SO-REL ; they denote the set of relations with at least one attribute of a (linear)
spatial data type. For simplicity we assume that each such relation has exactly one spatial attribute. The second
method leads us to S-REL which denotes the set of relations modeling spatial features only with atomic standard
attribute types. S-REL documents the beginning of spatial database research [BS77, Ro87]. A polygon is repre-
sented as a set of tuples each storing the coordinates of two points representing a segment of the boundary repre-
sentation of apolygon: R(X1 : IR, Y1 : IR, X5 IR, Y5 : IR, ...). If the values of X; and X, and the values of Y; and Y,
are the same, the tuple represents a point.

For alater comparison of S-REL with SO-REL and SO-REL, we define mappings from S-REL to SO and vice
versa. Wefirst give the representation of alinear spatial object asarelationr O S-REL. For this purpose we define
afunction decompose which transforms the representation (pg, ..., Pp.1) Of a polygon P (where p; = (x;, ;) into a
relation, i.e., into a set of tuples, of type R.

decompose(P) = Uogicn1 { (X1 = %, Y1.= ¥is X2 = X(i+1) mod nv Y2 = Y(i+1) mod n)}
The relation representing alinear spatial object o is given by:

) O{X1=%Y1=y, X=X Yo =y)} if o=(x y) OPoint

Q) =

P Jdecompose(o) otherwise

Now we look &t the other case and assumethat r = { (X1 = Xg, Y1 =Yg, X = X1, Y2 =VY1, )y oory (X4 = X215 Y1 = Vi1
X5 =%g, Y2=VYp, )} : R(Xq, Y1, X5, Yo 1 IR, ...) O S-REL isa(sub-) relation containing only tuples describing one
spatial object. Since pgisinjective, which meansthat different polygon objects have different representationsin S-
REL, we may uniquely assign a semantically correct polygon representation in S-REL to a polygon object. Let B
be afunction which givenaset L = {s, ..., Sp.1} Of segments representing a polygon computes its boundary point
Set:

B(L) = Dogicna {rp; + (2-1) P(i+1) mod n | S = (Pis Pi+1) mod ), F U IR, 0<1 <1}
The spatial object denoted by relation r is then given by:

" E(xl,yl)DPoint ifir=10x=x 0y =Y,
ogr) = ,
0P O Polygon : boundary(P) = B(Uogi<n-1 { (6, i), (%41, Yi+D}) otherwise

If r does not represent a proper polygon, we define og(r) = O.

2.3 Expressiveness of Spatial Data Models

We are now able to compare the different spatial data models. As afirst result, we show that S-REL and SO-REL
can represent the same amount of information.? The second result shows that SO-REL is more powerful than both
S-REL and SO-REL.



The main diference betweeBO-REL/SO-REL and S-REL is that a tuple3®-REL/SO-REL is decomposed
into a set of tuples (= sub-relation) in S-RELe #n define tavsimple transformations that map betw8&nREL
and S-REL. LeV[AS: A; f] be the well-knavn nest operator from the NFrelational model [SS86] that tek in
addition to the set of attuitbesASto be nested a functidrthat is applied to each resulting sub-relatioiThen
f(r’) is stored under the attiite A (instead of’). Now ary relationr : R(X;, Y1, X5, Y5 : IR, ...) O S-REL can be
mapped to an eqalent relatiors 0 SO-REL by

s=V[{ Xy, Y1, X5, Yo} 1 P; a(r)

whereP : a for a O {Point, Polygon} is a nev attribute for the resulting spatial objects. Similatlye modified
unnest operatoy[A : AS f](r) applies the functiofto the \alue of attrilute A of each of’s tuples and produces a
relation of schemASthat is embedded intoAny relations 0 SO-REL can then be transformed into an eglgint
relationr 00 S-REL by

r=H[P: {Xq, Y1, Xo, Yo} pd(9)

We letvg(S-REL) = {[{ X4, Y1, X5, Yo} : P; adl(r) | r O S-REL} - {{0} (removing results ofos for non-polygon
relations) anqig(SO-REL) = {u[P : { Xy, Y1, X2, Yo}; pd(s) | s 0 SO-REL} and obtain:

Theorem 2.1. v(S-REL) =SO-REL andug(SO-REL) = S-REL.

Proof. Sincepgis a total function, it is clear that eaB®-REL can be transformed into a corresponding S-REL.
Sincepgis injective, the representation in S-REL for a polygon object is unique. Hence, the set of all semantically
correct polygon representations in S-REL (this is just the set on whishdefined) can be mapped to a polygon
object. ]

If we drop the linear restriction of spatial objects, the ADT approach is more general. As a direct conclusion of
Lemma 1 we obtain:

Theorem 2.2. SO-REL [0 SO-REL.

3  Temporal Objectsand Temporal Databases

3.1 A Model of Temporal Objects

When defining a model for temporal objects one has to decide about a model of time. There areageitedisg
cussions in the temporal database community about this issue, in pantbigtirer time is discrete or continuous,
and there seems to be no unique approach agreed uporeyethodse — mainly for consistgneith the spatial
domains — time to be continuous, iteme = IR. Now arything that changesver time can bex@ressed as a func-
tion over time, i.e., the temporakwsion of objects of a type is given by a function of typgme - a, called a
temporal function. The type of all (partial) temporal functions is simply:

@(a) =time - a

We consider changeser time as a first-order properte., we do not model changes of an already changing object
so that type xpressions lik @(@(point)) are not lgal.

On the model leel we hae to deal with representations that are computationally tractable. This means that for
an arbitrary temporal functidii] ¢(a) we can determine thahue off at ary time of its domain. Thus, we restrict
¢(a) to computable functions. It is also important to be able to complites/of the iverse function, i.e., ask for
the times at which a temporal object took a spec#ice: Further restrictions result from the need t@jatie tem-
poral objects into the relational model and from compatibility with the chosen model for spatial objects. Thus, we
restrict the domain apto finite sets of time points and intals. For ary typea that has a total order < (and equality
=) we define the type of non-empty (open and closed) eleover a as follovs:

2. There are, however, differences with regard to their efficiency.



(@) =0{l x v, I V1 [ YL 1% v} | x, y Oa} - { 0} where
[x,yl={aOa|x<asy}, Ix,y|={ala|x<asy} [x,yY[={ala|x<a<y} etc.

This waly we can encode continuous partg'sfdomain by intemds, i.e., the domain of a temporal object isegi
by a finite set of pairwise disjoint intexig (ary time pointt can well be represented by aydaerated inteal [t, t]
={t}.) We can nw at the model kel define the type constructor fiemporal objects as:

T(a) =1(time) - @(a) (=1(time) - time - a)
whereDwOt(a): ()01, J0dom(w) : 1 0 J O i(time)
(2) O O dom(w) : dom(w(l)) =1

This means a temporal objeaotis defined on a set of pairwise disjoint and non-adjacent alseand associates
with each interal of its domain a (partial) temporal function whose domain is just thatahtéive set of all tem-
poral objects is denoted byOT and we also speak of th®Imodel. There are at leastdweasons for considering
only linear temporal functions as a further restriction of temporal objects: (i) itfisudifto compute with general
functions, and (ii) a linear temporal function has a straighdicawepresentation, which is particularly important
for the intgyration into relations: store the functioalwes of the boundaries of intafs and use predefined inter-
pretations for deving function alues for the interior of inteals.

In order to formalize the notion of linearity we considguanent typest that hae a certain algebraic structure
(we call these typdsnear smooth): there must be a nonatial typeA(a) O a - a of functions ona for which
two conditions hold: first, a scalar multiplication is defined, illd.[1 A(a), r OIR:rf:a - a is a well-defined
function (with 1f =f). Second, the functiofA : a x a - A(a) yields for two valuesx, y [0 a a functiond which
captures the “diérence” betweer andy; in particulay 8(x) =y must hold. Then, by virtue of the scalar multipli-
cation, \alues in the interior of an intealcan be computed Ry For instance, foa = IR the usual linear transition
from x to y is captured byA(x, y) = AX.X'+(y-X) where scalar multiplication is defined asAx'.x'+(y-X)) =
AX.X+r-(y-X). The reason whA is defined to return a function and not simply &edénce ®lue is that the linear
interpretation fox 0 GEO is gven by afine mappings (see Section 4), and for these the functiomalivieuch
easier to handle than thelue approach.

Now thelinear temporal object (TO) model can be defined as a linear specialization of @enddel (\ery
much like SO is a specialization of SO). Bft;, t,] we denote an arbitrary open, closed, or semi-open timeahterv
and we let{]| = ¢-t))/(t>-t1). We say that a temporal functibntime - o is k-piecewise linear if:

Ok OIN: dom(f) = DlSiSk Ii with Ii :Itl, tzI DDlSi<jSk: Ii N l] =0
OOk il > 100t 01 1) = (HIAK, ) ()
wherex = lim,_ ,, f(t;+1/n) andy = lim,, _ , f(t>-1/n)

A k-piecavise linear function is alays alsoK+1)-piecevise linearTo get a canonical (andfigient) representation
we look for minimal decompositions of intafg. Therefore, we say that minimally decomposed (or maximally
piecewise, or justk-piecewise) if f is k-piecavise lineay but not k-1)-piecevise linear Then theminimal decompo-
sition of f is defined as the partitia{f) ={(I;, frg,) | I<i<k} wherefrp = {(x, f(x)) | x U D}. Now the type of linear
temporal objects is defined by the type constructs follavs.

1(a) = {w O 1(a) | (1) a is linear smooth
(2 O1 Odom(w): I] = 10w(l) is k-piecevise}

Note that we cannot simply restriotto be linear on each of its intafs, we rather hee to refine this condition to
finite partitions of each inteall because» might hae different linear behaors onl. Therefore, we hee used the
notion of piecwise linearity It is obvious that linear temporal objects are a strict subset of (general) temporal
objects:

Lemma3.1. TO O TO.

Proof. Considerfor example, a temporal object containing a temporal fund{tr xo-tz. It is clear thaf cannot
be represented by a finite set of linear pieces. Thigsstite inclusion. ]



3.2 Representation of Temporal Objectsin Databases

The intgyration of temporal objects into relational databases can be done principalbyiays: temporal objects
can be embedded directly as ADTSs, i.e., a single at&ritontains a complete temporal obj&© : 1(a), ...). This
applies to the ® andTO models. The corresponding data models are cal®®REL andTO-REL, and thg
denote the set of relations with at least one atiilbeing of a (linear) temporal object typer Bimplicity we
assume in the sequel that each such relationxXaasle one temporal attritte2 In contrast, IREL denotes rela-
tions with only atomic attrilite types (includingime). T-REL as defined belo gives a unifying vies on different
traditional tuple-timestampédnodels of temporal databases. Each temporal object is represented by a set of tuples
each storing aalue of typea, a time stamp, and a fl&jindicating the future alue behaior: R(A: a, T : time,
B:{d, c I}, ...). B specifies thealues in between wtime stamps, i.e, gen two tuples A=x, T=1t,B=b, ...)
and A=y, T=t,, ...) of arelatior O T-REL wherell (T =tg, ...) Or: t3<t; Otz >t,, the \alue ofA at ary time
t; <t <t,, denoted byA(t), is:

Interpretation Definition b Name
completely undefined Ad(t) = O d |discrete
valid up to the net definition| A%(t) = x c | (stepwisgconstant
changes continuously Al(t) = (JH]1AX ¥)) () I |linear

(In the informal model of [YC93%pline interpolationis suggested as another interpretation.b& compatible
with TO andTO we consider a further fla@: IB for distinguishing closed and open in@siC =true = Ais a
valid value afT (otherwiseA is used only for deving values in the interior of the preceeding and/or theotig
intenval).

In order to compare-REL with TO-REL andTO-REL we define the temporal object represented by a relation
from T-REL. Letr = {(A=a;,T=t;,B=b;,C=¢y,...),..., A=a, T=t,B=b, C=c,, ...)} : RA:Qq,
T:timgB:{d, c I}, C:IB,...)dT-REL be a (sub-) relation containing only tuples describing one temporal object
(i.e., the projection to all attnitbes] {A, T, B, C} yields a relation of a single tuple). First, we derthe set of
temporal functions for the inteais represented in

() ={{(t, AP()) |t <t<tiq} O{(t, &) | =true,j O{i,i+1}} | 1 <i <n}

Next we hae to map each inteal'to its corresponding temporal functione\yet: {donf), f) | f O ®(r)}. Note
that this isnotyet the final temporal object, since there are, in general, moreailstenthe TREL representation
than in the corresponding temporal object. Therefore, weetoanormalize by mgmg temporal functions on adja-
cent interals. This can be done by the function

Ey({(l 0J,f0g)} 0w) if Dw : w={(,1), 3, 0)} Hw with | OJ 0 (time)
Dw otherwise

y(w) =
Hence, the temporal object denoted by relatignfinally given by:

or(r) = y({(dontf), f) | O &(r)})

For relations that do not properly represent temporal objeg{s) is undefined, i.eg+(r) = C.

Next we hae to define the representation of a linear temporal olyj@st a relatiom 0 T-REL. Therefore, we
first partition each inteal of w's domain into maximal sub-intené so that the corresponding temporal function
is linear on each of these sub-intdes We obtain this through the minimal decompositioiNote carefullythat
we cannot represent “linear functions falled by a jump”, bt only jumps after stepwise constant parts because
we have spent for each inteaiyonly one attribte of typea. This means that we cannot represent a function that
evolves linearly fronmx toy and continues witk# y. Thus, the representation functiprniescribed in the sequel is
only partially defined.

3. The general case requires that the time domains of different temporal objects have to be “synchronized” by finding a com-
mon interval refinement when mapping to T-REL. This is not difficult, but makes the definitions longer.
4. In contrast, attribute-timestamped models like that of [SS93] correspond more closely to the ADT view.



Consider a k-piecewise temporal function f. Let dom(f) = Ll1gq I with I; =Tt 9, t 51 , X = limy _ o, f(t; 1+1/n),
andy; = limy_ o, f(tj - 1/n). If X; = y;, let by = c. Otherwisg, if y; = X4, then b = |. Otherwise, p”(f) (see below) is
undefined. Then

P'(M={(A=x,T=11,B=b, C=(t 01)) | 1<isk} O{(A=yi, T=12, B=d, C=(t 01}
Now the relation representing any temporal function of atemporal object is given by:

O{(A=f(), T=t,B=d, C=true)} if dom(f) = {t}

= Op"(f) otherwise

Finally, the relation representing a complete linear temporal object is:
pr(w) =y 1ynw e’ ()
3.3 Expressiveness of Temporal Data Models

Next we can compare the different temporal data models. First, we show that TO-REL is more expressive than
T-REL, but with two simple extensions T-REL becomes equivalent to TO-REL . Thismeansthat the ADT approach
is essentialy equivalent to simple temporal relational models as far as linear temporal behavior is concerned. We
also show that, in general however, TO-REL is more powerful than both TO-REL and T-REL.

The difference between TO-REL and T-REL lies essentially in the fact that one tuple in TO-REL is represented
by aset of tuples (= sub-relation) in T-REL. We can define two simple transformations to map between TO-REL
and T-REL. Again we use the nest and unnest operatorsv and . Now any relationr : R(A: a, T : time, B: {d,c,l},
C: B, ...) O T-REL can be transformed into an equivalent relation s 0 TO-REL simply by

s=V[{A T,B, C}:O; o7l(r)
Likewise, any relation s 0 TO-REL can be transformed into a T-REL relation r by:
r=p[O:{A T, B,C};prl(s)

Let vi{T-REL) ={V[{A, T, B, C} : O; a{](r) |r O T-REL} - {0}, and let p(T-REL) = {p[O: {A, T, B, C}; p+l(r)
|r O TO-REL}. Now we first have:

Theorem 3.1. v(T-REL) 0 TO-REL.

Proof. Since o7 isatotal function, it is clear that each T-REL can be transformed into a corresponding TO-REL.
The fact that the inclusion is proper is grounded in the partiality of py: since each linear function followed by a
jump cannot be represented by a T-REL, there are more TO-REL s than T-RELs. ]

Thereisan even moreimportant difference between T-REL and TO-REL that getslost by lifting T-REL tothe ADT-
level of TO-REL: non-temporal attributes in a TO-REL exist independently from the domain of the temporal
attribute. In contrast, an additional (implicit) rule would be needed to distinguish temporal attributesfrom non-tem-
poral onesin T-REL. Thisreflectsthe fact that attribute-timestamped temporal modelsare, in general, more expres-
sive than tuple-timestamped models.

If we extend T-REL by storing an additional a-attribute (and a second C-flag specifying the definedness at the
end of intervals), we can actually represent all linear temporal objectsin flat relations. Let us call such amodel T*-
REL. (Of course, we have to redefine and extend the pt and o transformations, too.) Then:

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

Still the ADT-approach is more general when we do not restrict ourselvesto linear behaviors. Asadirect corollary
of Lemma 3.1 we obtain:

Theorem 3.3. TO-REL [J TO-REL.



4  Spatio-Temporal Data Types and Data M odels

Now that we know how to model spatial and temporal objects and how to integrate them into databases we can
consider their combination.

4.1 Landscape of Spatio-Temporal Data M odels

A straightforward approach isindicated by the fact that T isatype constructor: it isobviousto apply T to typesfrom
GEO toimmediately obtain spatio-tempaal objects(STO). The types of this model comprise moving objects, i.e.,
MOV = {1(Point), T(Region), T(Polygon}). Again we can restrict ourselvesto linear objects, both for the temporal
and the spatial component, and obtain the following models and types:

Model | linear component Types

STO - 1(Point), T(Region)
STO spatial 1(Point), t(Polygon
STO tempoal T(Point), T(Region)
STO | spatial & tempoal | T(Point), T(Polygon

Note that beforewe can apply T to either geometric type a 0 GEO we have to ensurethat these are | linear smooth.
Therefore, we have to identify reasonable types A(a). The choice here is not unique, but for points arbitrary vector
movements, and for regions and polygons affine mappinggrovide well-understood and general models of geomet-
ric transformations that are al so amenable to scalar multiplication and to the difference operator A. Actually, scalar
multiplication is aready defined for both vectors and affine mappings. The A operation is defined for points as
A(p, q) =Ap’.p'+(g-p) where“+” and “-" are usual vector addition and subtraction. Thus A simply records the vec-
tor that translates p to g. The scalar multiplication isdefined asr-(Ap’.p’ +(g-p)) = Ap’.p’ +r-(g-p), and thustheinter-
mediate positions of a point moving from p (directly) to g al lie on the straight line connecting p and g. For poly-
gons (and regions) the difference is defined component-wise.® For two polygons we have: A(P, Q) = Ap.H-p+v
where the matrix

H= (23) and the vector v = C;)

contain altogether six variables that are fully determined by three pairs of corresponding points from P and Q as
follows. For each two corresponding pointsp = (x, y) and g = (X', y') we know:

X = ax+by+v, and
y = c-x+d-y+vy

For three different pairs of points we thus obtain six equations which are sufficient to compute the parameters a, b,
¢, d, vy, and vy, Scalar multiplication is defined as r-(Ap.H-p+v) = Ap.(r-H)-p+r-v. Now we can also see why we do
not take affine mappings for points, but just vector translation: sinceit is not possible to infer an affine transforma-
tion from just two points, it would be impossible to define A.

In the above table we have only listed ADTs. However, when we consider the integration into relations we can
also as afurther alternative distinguish the encoding of objects by a set of tuples. This appliesto the spatia aswell
asto the temporal object part. We get the following eight modeling combinations where for each model we giveits
name and the attribute typ%6 of spatio-temporal objects (see table below).

TO TO T (k snapshots)
SO t(Reior) STO | T(Region) STO | Region®  SOT
SO T(Polygo)  STO | T(Polygon  STO | Polygord®¥  SOT
S (m segments) [T(Line™] TOS | Linekm ST

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



Apart from the already mentioned “full” ADT versions (i.e., spatial and temporal objects are both integrated as
ADTSs), the model SOT (SOT) denotes a model where (linear) spatial objects are integrated into a tuple-
timestamped temporal database: for each snapshot the currently valid version of the spatial object isstored. Thisis
indicated by the exponent (k) expressing that there are k tuples representing al the k snapshots. Similarly, TOS
denotes the model where spatial objects (i.e., polygons) are encoded by m tuples — for each segment one tuple —,
and the temporal behavior is given by linear temporal objects. This means each evolving polygon is represented by
m temporal objects storing the behavior of each segment. This seems to be a rather unrealistic model (mostly
because temporal object models do not exist so far), however, SOT and SOT are conceivable, since spatial object
models do aready exist. So these two models describe the option of simply combining existing database technol-
ogy for spatial and temporal databases. We have omitted a possible model TOS of unconstrained temporal objects
storing segment representations of polygons, sinceit seemsto be rather difficult to “synchronize” arbitrary tempo-
ral line objects so that they always complement into a proper polygon. Finally, the most simple model that does not
use ADTsat all isthe ST model which represents a changing polygon by k-m tuples where m tuples representing
one polygon snapshot get a common time stamp.

4.2 Expressiveness of Spatio-Temporal Models

All the different models presented above form a hierarchy which we will STO

describe next. We obtain arepresentation hi erar.chy as shown gn theright. V w
An arrow from model A to model B means “A isless expressivethan B”, .
i.e,, A0 B. Theedgelabelsserve asindicesto the corresponding theorems. STO STO

First, we combine and generalize the results of Theorems 2.1 and 3.1. ‘% o 45
Apart from aggregating spatial and temporal objectsin an ST-REL sepa- STO**TOS sSoT
rately (by means of vg and vy), we can also consider the quasi-simulta- 4,10,4V§\ W
neous aggregation vgr(ST-REL) = v(vg(ST-REL)). pr+ is the extension SoT4dagT

of pr into atotal function mapping to the extended representation ST™-
REL, and v+ is the corresponding extension of v. We also use vgr+(ST*-REL) = vr+(vg(ST*-REL)).

Theorem 4.1. (a) vg(ST-REL) = SOT-REL
(b) ver+(ur+(TOS-REL)) = STO-REL
(c) vi(ST-REL) O TOS-REL
(d) vsr(ST-REL) 00 STO-REL

Proof. Part (a) follows directly from Theorem 2.1. Part (b) deserves some explanations. First, we cannot simply
apply vgto TOS-REL because the spatial attributes are hidden in temporal objects, so we have to unpack them
beforehand. However, we must be very careful here: since ptisnot totally defined on TOS-REL (ST-REL isatrue
subset of TOS-REL ) we have to map to the extended representation ST*-REL by means of the extended unnesting
function pp+. We then know: p+(TOS-REL) = ST*-REL. Now we can aggregate the spatial objects and get (from
Theorem 2.1 or part (8)): vg(ST™-REL) = SOT*-REL. Finally, we can aggregate the temporal objects and obtain
(asacorollary of Theorem 3.2): v+(SOT*-REL) = STO-REL. Part (c) follows directly from Theorem 3.1, and (d)
follows from (b) and (c). ]

We also have corresponding results for ST*-REL:

Theorem 4.2. (a) v+(ST*-REL) = TOS-REL
(b) vr+(ST*-REL) = STO-REL

Theorems 4.1 and 4.2 express relationships of the flat relational model w.r.t. (linear) ADT models. Next we show
relationships that result from the polygons being special cases of general regions.

Theorem 4.3. (a) SOT-REL 0 SOT-REL
(b) STO-REL [ STO-REL
(c) STO-REL [ STO-REL

6. Wegiveonly thetypefor areal objects; for pointsall entriesin thefirst (second) column are T(Point) (t(Point)), and the third
column always contains Poi nt®).



This theorem is essentially a corollary of Lemma 2.1. Simijladya corollary of Lemma 3.1 we obtain the follo
ing result &pressing that relations with linear temporal objects are Jggs®sve than relations with general tem-
poral objects:

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

And finally, as a corollary of Theorems 3.1 and 3.2, we obtain (note that part (a) is actualiyeeqtid Theorem
4.1 ()):

Theorem 4.5. (a) v(SOT-REL) 0 STO-REL
(b) vi(SOT-REL) O STO-REL
(c) v+(SOT*-REL) =STO-REL
(d) vr+(SOT*-REL) = STO-REL

It is very instructve to imagine spatio-temporal objects as 3D-objects. Then fieeetif models presented relate
directly to diferent features and restrictions of 3D-objects. iRstance, SO describes rather arbitrarglumes

(or cunes in the case of points), wher&T© is restricted to gion objects with polygonabhtes parallel to the

y plane. §O (STO) restricts SO (STO) further to straight translations and scalings plus rotatiorts thet-axis

(for points: translations only) vl severe restrictions o6 TO (that result from dihe mappings) are: (i) the number

of components cannot change, and (ii) the numbegmites of polygons cannot change. When considering linear
representations (t@éilitate eficient computations) and 3D-objects, we can also imagingngaegions being
represented byolyheda. It is then interesting to note that polyhedra are not comparablpriessieness t&TO:
polyhedra cannot represent rotationd, they can well model changes in the numbers of components and polygon
vertices.

5 Conclusions

We hare presented a memodel for temporal objects and temporal databases that, in partifides quite difer-
ent modeling options for spatio-temporal databases. Tkstimation of the relatie expressieness of the diérent
models gies a clear picture of the relationships between these models. In parti@aarbe seen that, compared
with the traditional (flat) vier of temporal databases, the ADT approach is mersatile and é&&rs much more
control orer temporal behaor, even for linearly constrained objects. Futurerkvshould consider other specific
spatio-temporal object models (such as polyhedra) in more detail.
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