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Abstract

Spatio-temporal databasesdeal with geometries changing
over time. Ingeneral,geometriescannotonly changein dis-
crete steps, but continuously, and we are talking about
moving objects. If only theposition in spaceof an objectis
relevant, themrmoving pointis a basic abstractiorif also the
extent is of interest, then the moving region abstraction
captures moving as well as growing shirinking regions. We
propose a new line of researchwhere moving points and
moving regionsare viewed as three-dimensional2D space+
time) or higher-dimensional entities whose structure and
behavior is captured by modeling theas abstractdatatypes.
Such types can be integrated as base (attribute)tgia¢s into
relational, object-orientedor other DBMS datamodels;they
can be implementedas data blades, cartridges, etc. for ex-
tensible DBMSs. Weexpectthesespatio-temporaldatatypes
to play a similarlyfundamentalrole for spatio-temporaldata-

bases aspatial datatypes have playedfor spatial databases.

In this paper we consider the need for modeling spatio-
temporal data types on two different levels of abstraction.

1 Introduction

In the past, researchin spatial andtemporal datamodelsand
databasesystems has mostly been done independently.
Spatial database research has focusedupporting modeling
and querying of geometriesassociatedwith objects in a
databasg5]. Temporaldatabasefhave focusedon extending
the knowledge kept in a database about the custaté of the
real world to include the past, in the two senses of [thst of
the real world” (valid time) and “the past states of the
database”tfansaction timg [14]. Neverthelessmany people
have felt that the two areas are closely relaséage both deal
with “dimensions” or “spaces” of some kind, and that an
integration field of “spatio-temporal databases”should be
studiedand would have important applications. The question
is, what the ternspatio-temporal databaseally means.
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Clearly, when we try amntegration of spaceandtime, we are
dealing with geometries changing over time. In spatial
databasesthree fundamentalabstractionsof spatial objects
have been identified: a point describes an object whose
location, but not extent, is relevant, e.g. a city on a large
scale map. A line (meaning a curve in space, usually
representedas a polyline) describesfacilities for moving
through spaceor connectionsin space(roads, rivers, power
lines, etc.). A region is the abstractionfor an object whose
extent is relevant (e.g. a forest or a lakE)esetermsreferto
two-dimensional space, but the saatestractionsarevalid in
three or higher-dimensional spaces.

Now, considering points, the usual word for positions or
locations changing over time is move Regionsmay change
their location (i.e. movg as well as their shape (grow or
shrink). Hence we conclude that spatio-tempatatabasesre
essentiallydatabases about moving objects.

Since lines (curves) are themselvesabstractions or projec-
tions of movementsit appearsthat they arenot the primary
entities whose movements should be considered, and we
shouldfocusfirst on moving points and moving regions In
the approachdescribedin this paper we will consider the
fundamentalproperties of moving points and moving (and
evolving) regions andtry to support their treatmentin data
modeling and querying, rather than be driven by particular
(existing) applications. On the other hand, if we succeedin
providing such basic support, then wey be able to initiate
applications that so far have never been thought of:

Migrations in the animal kingdom (e.g., whales, birds) ban
appropriately modeledby moving points. Interesting queries
ask for the trajectories of animal routes, the traversed
distance,their speed,andthe numberand locations of their

stops. Another example for moving points are transports
(e.g., cars, planes, ships, buses,trains). Interesting queries
inquire whichtaxi is closestto a passengerequestposition,
which two planesare heading towards each other (going to

crash), whether a plamzrossedthe air territory of somestate
X, or whether any ship is heading towards shallow areas.

Applications of moving regions are temporal evolutions of
geographical entities (e.g., countries, lakes, foregt@ciers,
continents). Here possible queriesask for the largest extent
ever of the Roman empire, the occasionswhen two states
merged,the extent and the rate of the Amazonerain forest
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shrinking, the location ofjlacier X attime Y, or the history

hierarchies, etc. But the essential features are the ones

of continental shift. Another example are climatic phenomena mentionedabove;theseare common to all data models and

(e.g., storms, high/low pressureareas, temperaturezones,
cloud cover). Queries might ask for tdeection of atornado,
its arrival at a specific location, andthe developmentof air
pressure areas.

Although we focus on the general casegebmetriesthat may
changein acontinuousmanner(i.e. move), one should note
that there isa classof applications wheregeometrieschange
only in discretesteps. Examplesare boundariesof states, or
cadastralapplications, wheree.g. changesof ownershipof a
piece of land can onlhappenthrough specific legal actions.
Our proposedway of modeling is general and includes these
cases,but for them also more traditional strategiescould be
used.

Also, if we consider transaction time (or bitemporal)
databases, it is cledhat changesto geometrieshappenonly
in discretestepsthrough updatesto the databaseHenceit is
clear that the descriptioaf moving objects refersfirst of all
to valid time. So we assumethat complete descriptions of
moving objects are put into theatabaseby the applications,
which meanswe arein the frameworkof historical databases
reflecting the current knowledge about the past of the real
world. Transaction timalatabasesbout moving objects may
be feasible, but will not be considered initially.

There isalso an interesting class of applicationsthat canbe
characterizedhs artifacts involving spaceand time, such as
interactive multimedia documents,virtual reality scenarios,
animations, etc. The techniquesdevelopedhere might be
usefulto keep such documentsin databasesand ask queries

related to the space and time occurring in these documents.

The purpose of this paperis to describe and discuss an
approachto modeling moving and evolving spatial objects
basedon the use of abstract data types Essentially, we
introducedatatypes for moving points and moving regions
together with aset of operationson suchentities. Oneneeds
also a numberof relatedauxiliary datatypes, such as purely
spatial or temporaltypes, time-dependenteal numbers,and
so forth. This collectiorof types and operationscanthen be
integrated into any DBMS object algebraaprery languageto
obtain a complete data model and query language.

The goal of this first paper on the approachds yet to offer
a specific design of such types and operationsor a formal
definition of their semantics. This neetts be donein further
steps. Instead, here the goaltésgive an outline of the work
that should be done, in particular, we demonsttiageneedfor
two related models on different abstraction levels. More
design decisions are discussedin a longer version of this
paper, which takes a broader point of view [4].

The paperis structuredas follows: Section 2 explains the
basic idea of spatio-temporaldatatypes in a bit more detail.
Section 3 and 4 contrast the continuous and discrete
approachesto datamodeling, a short concluding statement
follows in Section5. Section 6 discussesrelated work, and
Section 7 offers general conclusions and future work.

2 The Basic Idea

Let us assume that a database consists of a séjaift classes
(of different types or schemaps Each object class has an
associatedset of objects each object has a number of
attributeswith valuesdrawnfrom certain domainsor atomic
data typesOf course, there may be additional featuregshas
object (or oid-) valued attributes, methods, object class

already given in the relational model.

We now consider extensionsto the basic model to capture

time and space. As far as objects are concereadpject may

be created at some time and destroyed at some later time. So we
can associata validity interval with it. As a simplification,

and to be able to work with standaddtamodels,we caneven

omit this validity interval, and just rely on time-dependent
attribute values described next.

2.1 Spatio-Temporal Types and Operations

Besidesobijects, attributes describing geometries changing
over time areof particular interest. Hencewe would like to
define collections of abstractdata types or in fact many-
sorted algebras containing several related types and their
operations, for spatialalueschanging over time. Two basic
types are mpointand mregion Let us assumethat purely
spatial data types called point and region are given that
describe gooint andaregion in the 2D-plané (a region may
consist of severaldisjoint areaswhich may have holes) as
well asatype timethat describesthe valid time dimension.
Then we can view the typ@spointand mregionas mappings
from time into space, that is

mpoint=time - point
mregion=time - region

More generally, we canintroducea type constructort which
transforms any given atomic data typento atype t(a) with
semantics

T(a) =time - a

and we can denotethe types mpoint and mregion also as
1(point) andt(region), respectively.

A value of typempointdescribinga position asa function of

time canbe representedas a curve in the three-dimensional
space X, Yy, t) shown in Figure 1. We assume that space as well
astime dimensionsare continuous,i.e., isomorphic to the

real numbers. (Ishould be possible to insert a point in time
between anytwo given times andask, e.g., for a position at

that time.)

t
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Figure 1: A moving point

A value of typemregionis a set of volumes in the 3D spage (
y, t). Any intersection of that sedf volumeswith a planet =
tg yields aregion value, describing the movinggion at time
to. Of course,it is possible that this intersectionis empty,
and an empty region is also a proper region value.

1 We restrict attention to movements in 2D space, but the approach can,
of course, be used as well to describe time-dependent 3D space.



Generic operations for moving objects are, for example:

(o) xtime - a at
1(a) - a minvalue, maxvalue
T(a) - real duration

At gives the value o& moving object at a particular point in
time. Minvalueandmaxvaluegive the minimum and maximum
values of a moving object. Both functions are only defifed
typesa on which a total order exists.

In particular, for moving spatial objects we may have an
operation, such as

- mreal mdistance

mpointx mpoint
Mdistance computesthe distancebetweenthe two moving
points at all times and hencereturns a time changing real
number, a type that we call mreal ("moving real”; mreal =
T(real)).

Operations may also involve purely spatial or purely temporal

types and otheauxiliary types. For the following examples,
let line be a datatype describinga curvein 2D spacewhich
may consist of severaldisjoint pieces; it may also be self-
intersecting. Let us also have operations

mpoint - line trajectory
line - real length

Heretrajectory is the projection of a moving point onto the
plane, andengthreturns the total length oflane value.

2.2 Some Example Queries

The presented data types can now be embedded intDBNS
data model asttribute datatypes, andthe operationsbe used
in queries. For example, we can integrate them into the
relational model and have a relation

flights (id: string, from: string, to: string, route:mpoin

We can then ask query“Give me all flights from Diisseldorf
that are longer than 5000 kms™:

SELECTIid

FROM flights

WHERE from = "DUS"

AND length (trajectory (flight)) > 5000

This query usesprojection into space.Dually, we can also
formulate queriesprojecting into time. For example,“Which
destinations can be reachedfrom San Francisco within 2
hours?”:

SELECTto
FROM flights
WHERE from = "SFO" ANDduration (flight) <= 2.0

Beyond projections into space and time, there are also
genuinespatio-temporalquestionsthat cannot be solved on
projections. For example, “Find all pairs of planes ttiating
their flight came closer to each other than 500 meters!”:

SELECTA.id, B.id

FROM flights A, flights B

WHERE A.id <> B.id

AND minvalue (mdistance (A.route, B.route)) < 0.5

This is in fact aninstance of a spatio-temporaljoin. Many
more examples can be found in [4, 6].

3 Abstract Models Are Simple ...

Abstract models allow us to make definitions in terms of
infinite sets, without worryingvhetherfinite representations
of these sets exist. This allows us to view a moving pagd
continuouscurve in the 3D space,as an arbitrary mapping
from an infinite time domain into an also infinite space
domain. All the types that we get by applying the type
constructor T are functions over an infinite domain, hence
each value is an infinite set.

This abstract view is the conceptual model tivatare interes-
tedin. The curve describedby a plane flying over spaceis
continuous; for any point in timéhere exists a value, regard-
less of whether we are able to give a findescriptionfor this
mapping (or relation)ln Section2 we havein fact described
the types mentioned under this view.dn abstractmodel, we
have no problemin using types like “moving real”, mreal

andoperationslike mdistancesinceit is quite clear that at
any time some distance betweenthe moving points exists
(when both are defined).

Defining formally an algebrafor an abstractmodel looks as
follows. We need to define carrier sets for the types (sarid)
functions for the operators. Fartype t, we denoteits carrier
set as A; and for an operator op the function giving its
semantics as f,,. We consider the following example
signhature:

sorts point, time mpoint mreal

operators
mpointxtime - point at
mpointx mpoint - mreal mdistance

We first define the carrier sets:

Apoint = IR0 {C} Atime = Areal = IRO{[}

So a point is an elementof the plane over real numbers,or
undefined: For the “moving” types we can provide a single
generic definition based on the type constructor

Ay = {f T Aime — Aq is a function}

Functionsaredefinedasfollows. Let r, s be values of type
mpoint and t a time Furthermore,let d(p, q) denote the
Euclidean distance between two points in the plane.

far (. 1) r(t)

fmdistance(l', S) = 9t Aime ~ Area) SUCh that
cd(r(t), s(t)) ifr(t)z00s(t)z 0
g(t) = 0

otherwise

So abstract models are conceptually simple and their
semantics can be defined relatively easily. Again, this
simplicity is due to the fact that wadmit definitions in terms
of infinite sets and functionwithout worrying whetherfinite
representations exist.

2 We include the value O (undefined) into all domainsto make the
functions associatedvith operatorscomplete.This is more practical
than have the systemreturn an error when evaluating a partial
function.



4 ... But Only Discrete Models Can Be
Implemented

The only trouble with abstraechodelsis that we cannotstore
and manipulatethem in computers.Only finite andin fact
reasonably small sets can be stored; data structures and
algorithms have to work witlliscrete(finite) representations
of the infinite point sets. From this point of view, abstract
models are entirely unrealistic; only discrete models are
usable.

This meanswe somehow need discrete models for moving
points and moving regions aswell asfor all other involved
types (mreal region ...). We can view discrete models as
approximations finite descriptionsof the infinite shapeswe
are interestedin. In spatial databasesthere is the same
problem of giving discreterepresentationgfor in principle
continuous shapes; there almost always linear approxi-
mationshave been used. Hence, a regisridescribedin terms
of polygons and a curvim space(e.g. ariver) by apolyline.
Linear approximations arattractive becausehey are easyto
handle mathematically; most algorithms in computational
geometry work on linear shapes such as rectangles,
polyhedra, etc. A linear approximatidor a moving point is
a polyline in 3D space;a linear approximationfor a moving
region is a set of polyhedra (see Figure 2). Note ahrabving
point can be a partial function, henceit may disappearat
times, the same is true for the moving region.
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Figure 2: Discrete representations for
points and moving regions

moving

Defining formally an algebrafor a discretemodel meansthe
sameas for the continuousmodel: define carrier sets for the
sorts and functions for the operators. We consider a paheof
example above:

sorts point, time mpoint

operators
mpointx time - point at

Type mreal and operator mdistancehave been omitted; for
good reason, as we will see. Carrier sets can be defined as
follows:

whereDyint = realx real

Agoint = DgointE| {0
: whereDjjme = real

time = Dtime U {CJ}
Aea =realld {0}

Ampoin_t:: {<(plv tl‘ bl‘ Cl), sy (pm‘ tm‘ bmv Cm)> | m= 0,
(D 10 {1, ceey m}: Pi 0 Dm, ti 0 Dti_me bi,Ci O bOOl),
@i, 0{L, omp i<j 0 t<t)}

A few explanationsare neededHere by “real” and“bool” we
mean data types offered by a programmiagguage.We have
introducednamesfor the defined part of a carrier set, e.g.
Dpoint A moving point is representedby a sequenceof
quadruplesThe sequencenay be empty; this will meanthat
the position is undefined at all timeSachquadruplecontains

a position inspacep; andatime t;. It also containsaflag b;

which tells whether the point is defined at times betwgand
ti+1 (bj = true). This allows for the representationof partial
functions (ofthe conceptuallevel). Finally, thereis aflag ¢

which stateswhetherbetweent; andt;j,; a stepwise constant
interpretation is to be assumed, i.e., the point stayqgy, idid

not move (c; = true), or linear interpolation, i.e., a straight
line betweenp; and p;;+1, is to be used (¢, = false). This
representatiorhas beenchosenin order to support different
classes of applications fanoving point, e.g. uniqueevents,
stepwise constant locations, etc.

The intended meaning of the structure that we have just
described needs of course to be formaliZBus is exactly the
semantics of the operatat:

Letr be a valueof type mpointandt atimevalue. Letr =
<(p1, t1. by, 1)y --os ®me tme Py Cm)> fOr somem = 0.

far (r, ) =
0 ifm=00m>00(t<t; Ot>t,))

B ifm210(0 L. m: 4 =1)

in(p;, t, Pi+1, tivg, 1)
ifm=220(0 O{L,...m-3: (t <t<tj41)Ob O-q)

Op it m=20(0 O{,...m=3: (f <t <t,,;) Ob Og
if m>20(0 OfL,...m~-1: (t <t <t;,;)O-b

where lin(py, t1, po, ty, t) is a function that performs
linear interpolation (puts a line through the two points
(p1, t1) and 5, ty) in 3D space and returns tip@int p on
the line at time).

Onecan observe that definitions for the discrete model are
considerably more complex than those for #iestractmodel.
On theother hand, they can be translatedinto datastructures
and algorithms which is not the case for the abstract model.

Apart from complexity, there are other difficulties with

discretemodeling. Supposewe wish to definethe type mreal

and the operatiomdistance What is adiscreterepresentation
of the typemreal ? Since we like linear approximations for the
reasons mentioned above, the obvious answer woelkd use
a sequencef pairs (valug time) anduselinear interpolation
between the given values, similarly as for the moving point.

If we now try to define the mdistanceoperator, we have to
determinethe time-dependentistance betweentwo moving
points representedas polylines. To see what that means,
imagine that through each vertex of eachitsf two polylines
we put a plane t = t; parallel to the xy-plane. Within each
planet =t; we can easily compute the distantais will result
in one of the verticesfor the resulting mreal value. Between
two adjacent planes weaveto considerthe distancebetween
two line segmentsn 3D space.However,this is not alinear
but a quadraticfunction (moving along the time axis, the
distance may decrease and then increase again).

This is annoying, especially since the minimal distance
betweentwo moving points can be much smaller than the
distance measured in any of the plabhest;. Henceusing just
thesemeasurementas vertices for the moving real and then
use linear interpolation would lead to quite wrong results.
What can be done? One can either stick with linear
interpolation andthen addas vertices the focal points of the
parabolas describing the time-dependent distance bettwaen
planes. In this way at least the minindistancewould not be
missed. However, then the discrete model would already be
inconsistent in itself, as the behavior thie distancebetween
the two polylines isnot correctly representedAn alternative



would be to definethe discretemodelfor the moving real in
such a way, that it containgarameterdor quadraticfunctions
betweentwo vertices. But this immediately raises other
questions. Why just quadratic functions motivated by the
mdistance operation, perhaps other operations need other
functions? Shouldwe allow parameterdor polynomials? Up

stepwise constanbut not continuoustemporal evolutions of
spatial data.

Yeh and Cambray [16, 17] emphasizesome aspects also
mentionedin our paper. Since spatial data over time can be
highly variable, they consider a continuous viewtloésedata

to what degree? Storing these parameters is expensive. And al@s indispensableanda snapshotview as inappropriate. So-
kinds of operations that we need on moving reals must then becalled behavioral time sequenca introduced.Eachelement

able to deal with these functions.

This example demonstrates what kindnafsty problemsarise
in discrete modeling that we simply do not seein abstract
modeling.

5 Both Levels of Modeling Are Needed

We concludethat both levels of modeling areindispensable.
For the discretemodel this is clearanyway, as only discrete
models can be implementeHowever,if we restrict attention
directly to discrete models, there is a dangerthat a con-
ceptually simple, elegant design of query operations is
missed.This is becausehe representationaproblemsmight
lead us to prematurely discard some options for modeling.

For example,from the discussionabove one might conclude
that moving reals are a problem andno suchtype should be
introduced. But then, instead of operations minvalue,
maxvalue etc. on moving realsone hasto introduce corres-
ponding operations for each time-dependeuninericproperty
of a moving object. Supposewe are interestedin distance
betweentwo moving points, speedof a moving point, and

sizeandperimeterof a moving region. Then we need operators

mindistancemaxdistanceminspeedmaxspeedandso forth.
Clearly, this leads to a proliferatioof operatorsandto a bad
designof a querylanguage.So the better strategyis to start
with a designat the abstractlevel, and then to aim for that
target when designing discrete models.

6 Related Work

For severalyearsresearcherdoth in the spatial andin the
temporal community have recognizedthe need of a simul-
taneoustreatmentand integration of data with spatial and
temporal features in databases.A comprehensive biblio-
graphy on spatio-temporaldatabasesintil 1994 is given in
[1]. Many of its articles document the interactionsplaceand
time through application examples.But nevertheless,up to
now research on modefer spatio-temporaldatabasess still
in its infancy.

Most of the researchon this topic has focused on the
extension of specialized spatial or temporal models to
incorporatethe other dimension. Most modeling approaches
adoptthe snapshotview, i.e., representspace-timedataas a
series of snapshots. Gadihal. [7] proposetime- andspace-
stamping of thematic attributesas a methodto capturetheir
time- and space-varying values. The tidienensiondescribes
when an attribute value is valid, and the spatial dimension
expresseswhereit is valid. While eachvalue has always a
temporal evolution, it is doubtful whetherit always has a
spatial aspect. Worboyf 5] definesspatio-temporalobjects
as so-called spatio-bitemporal complexes. Their spatial
featuresare given by simplicial complexes;their temporal
featuresare describedby bitemporal elementsattachedto all
componentsof simplicial complexes.In [3] and [12] event-
based approachesfor ST databasesare proposed. Events

of sucha sequenceontains a geometricvalue, a date, and a
behavioral function, the latter describitige evolution up to
the next elementof the sequenceExamplesof such useror
predefinedfunctions are punctual functions, step functions,
linear functions, and interpolation functions. A 2D object
evolving in the courseof time is describedby a 3D object.
While there are somesimilar ideas, they have no notion of
abstract spatio-temporal data types with operations.

An interesting proposal that directly addressesmoving
objectsis given in [13]. Herea moving object, e.g. a caror
plane, is describedby a so-called dynamic attribute A
dynamic attribute contains a motion vector and can describe
the current status of a moving object (e.g. heading d¢ertain
direction at a certain speed).An updateto the databasecan
change this motion vector (e.g. when a plaseesa turn). In
this model a querywill return different resultswhen posed at
different times; queries about the expectedfuture are also
possible. This model is geared towards vehicle tracking
applications; in contrastto our proposal attributes do not
contain the whole history of a moving object.

First attempts have been made to employ the constraint
databaseapproach [11] on spatio-temporal data. Work in
constraint databasesgenerally applies to spatio-temporal
settings as arbitrary shapes in multidimensional spaces can be
described. Two papers that explicitly deal with spatio-
temporal examples and models are [9, 2].

7 Conclusions and Future Work

We have proposed a new approachto the modeling and
implementation of spatio-temporal database systems based on
spatio-temporal datéypes. This approachallows an entirely
general treatment dime-changinggeometries,whetherthey
change in discrete steps, or continuously. Hence in contrast to
most other work it also supports the modeling and querging
moving objects. Spatio-temporaldatatypes can be usedto
extend any DBMS data model, and they offer a clear
implementation strategy as extensipackagesto extensible
DBMSs.

We feel that the paper opens up a new direction of reseasch.
a first step, it is of crucial importance to clarify the underlying
assumptions and to understand the available design options.

The nextstepsin this approacharethe designof an abstract
model, then a discrete model basedon it, investigation of
efficient data structures and algorithifts the discretemodel,
and implementation. We are currently completing the
systematicdesignand formal definition of a system of data
types and operations at the abstractlevel [6]. We plan to
define a part of this design as a discrete model. Our avaice
is to use linear descriptions for thepointandmregiontypes
as well as for the spatial typdsné, region) but to use(square
roots of) quadratic functions fahe representatiorof moving
reals. In this way we can use the standardcomputational
geometry algorithms for linear shapes, but have represen-
tations oftime-dependentlistancesas well as perimetersand

indicate changes of the locations and shapes of spatial objectsizes of regions, that are consistent wtitle linear shapeson

andtrigger the creation of new versionsin the database All
these approachesare only capableof modeling discrete or

which they are based. As far as the design of data structures anc
algorithms andimplementation are concerned,similar work



has been done earlier for spatial databases in the ROSE algebrﬁS] Worboys, M.F., A Unified Model for Spatial and

[10, 8]. Temporal Information.The ComputerJournal vol. 37,
no. 1, 27-34, 1994.
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