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Abstract

Spatio-temporal databaseteal with geometries changing
over time. In general, geometries cannot only changdisn
crete steps, but continuously, and we ar¢alking about
moving objects. If only theposition inspace of an object is
relevant, themrmoving pointis a basic abstraction; if also the
extent is of interest, therthe moving regionabstraction
captures moving as well as growing shirinking regions. We
propose anew line of researchwhere moving points and
moving regionsare viewed athree-dimensional2D space +
time) or higher-dimensional entitieswhose structure and
behavior is captured by modeling them as abstdatatypes.
Such types can be integrated as base (attribute) data ityfzes
relational, object-oriented, or oth&®BMS datamodels;they
can be implemented adatablades, cartridges, etc. for ex-
tensible DBMSs. We expect thespatio-temporaldatatypes
to play a similarly fundamental role f@patio-temporaldata-
bases as spatialatatypes have playefbr spatial databases.
In this paper we consider theeed for modeling spatio-
temporal data types on two different levels of abstraction.

1 Introduction

In the past, research in spati@hdtemporal datamodels and
database systems hamostly been done independently.
Spatial database research has focusedupporting modeling
and querying of geometries associated with objects
database [5]. Temporal databases hfoaised onextending
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Clearly, when we try afntegration ofspaceandtime, we are
dealing with geometries changing ovetime. In spatial
databases, three fundamené&distractions of spatiabbjects
have been identified: @oint describes an objecwhose
location, but noextent, is relevant, e.g. a city onlarge
scale map. Aline (meaning acurve in space, usually
represented as polyline) describes facilitiesfor moving
through space otonnections inspace (roads, rivers, power
lines, etc.). Aregionis the abstractionfor an objectwhose
extent is relevant (e.g. a forest or a lake). These teefes to
two-dimensional space, but the saalestractionsarevalid in
three or higher-dimensional spaces.

Now, considering points,the usualvord for positions or
locations changingover time ismove Regionsmay change
their location (i.e.moveg as well as their shapegrow or
shrink). Hence we conclude that spatio-temporal databases are
essentiallydatabases about moving objects.

Since lines(curves) arethemselves abstractions rojec-
tions of movements, it appears that thegnot theprimary
entities whose movements should be considereshd we
should focus first oormoving points andmoving regions In
the approach described ihis paper we will consider the
fundamentalproperties of moving pointsand moving (and
evolving) regionsandtry to support their treatment itata
modeling and querying, rather than be driven hyarticular
(existing) applications. Othe other hand, if wsucceed in
providing such basic support, then we may be ablmitbate
applications that so far have never been thought of:

the knowledge kept in a database about the current state of the ) ) ) )
real world to include the past, in the two senses of “the past of Migrations in the animal kingdom (e.g., whales, birds) can be

the real world” yalid time) and “the past states of the
database”tansaction timg [14]. Nevertheless, mangeople
have felt that the two areas are closely related, since dxdh
with “dimensions” or “spaces” of some kindind that an
integration field of “spatio-temporal databases” should be
studied andvould have importantapplications. The question
is, what the ternspatio-temporal databasesally means.

appropriately modeled by movingoints. Interestingqueries
ask for the trajectories of animal routes, the traversed
distance, their speedndthe numberand locations oftheir
stops. Another example formoving points are transports
(e.g., cars, planesships, buses, trains). Interestingueries
inquire which taxi isclosest to a passengesquestposition,
which two planesare heading towards each othégoing to
crash), whether a plane crossed thetairitory of somestate
X, or whether any ship is heading towards shallow areas.

Applications of moving regionsare temporal evolutions of
geographical entities (e.g., countries, lakes, foregtaciers,
continents). Here possible queries ask for théargest extent
ever of the Roman empire, theccasionswhen two states
merged, the extenandthe rate of the Amazone raiarest
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shrinking, the location of glacier X at time Y, or théstory hierarchies, etc.But the essentidleatures arethe ones
of continental shift. Another example are climatic phenomena mentioned above; thessre common to alldatamodels and
(e.g., storms, high/lowpressure areas, temperatwenes, already given in the relational model.

cloud cover). Queries might ask for the direction dbmanado,
its arrival at a specifidocation, andthe development of air
pressure areas.

We now considerextensions tothe basic model to capture
time and space. As far as objects are concerned, an object may
be created at some time and destroyed at some later time. So we
Although we focus on the general case of geometries that maycan associate a validity interval with it. Asanplification,

change in a continuous manner (i.e. move), one shoaole
that there is a class afpplications wheregeometrieschange
only in discretesteps. Exampleareboundaries of states, or
cadastralapplications, wheree.g. changes of ownership of a
piece of land can only happen through specific lemaions.
Our proposedway of modeling is generahnd includes these
cases, but for them also mamaditional strategiesould be
used.

Also, if we consider transactiontime (or bitemporal)
databases, it is clear that changes to geometries hapgen
in discrete steps throughpdates to the databaddence it is
clear that the description of moving objectfers first of all
to valid time. So we assume that completescriptions of
moving objects are put into the database byapplications,
which means ware inthe framework ohistorical databases
reflecting thecurrent knowledge about the past of theal

world. Transaction time databases about moving objects may

be feasible, but will not be considered initially.

There is also ainteresting class ofapplicationsthat can be
characterized as artifactisivolving spaceandtime, such as
interactive multimedia documents, virtual realitgcenarios,
animations, etc. The techniques developed heraight be
useful to keep such documents in databemedask queries
related to the space and time occurring in these documents.

The purpose of this paper is to descrilznd discuss an
approach to modeling movingnd evolving spatialobjects

based on theuse ofabstract data types Essentially, we
introduce dataypes for moving points and moving regions

together with a set abperations orsuchentities. Oneneeds

also a number of related auxiliadatatypes, such aspurely

spatial or temporal types, time-dependeeaél numbers, and
so forth. This collection of typeandoperationscan then be
integrated into any DBMS object algebraairerylanguage to
obtain a complete data model and query language.

The goal of this first paper on the approach is not yet to offer
a specific design of suctypes and operations or a formal
definition of their semantics. This needs to be done in further
steps. Instead, here the goal is to give an outline ofvitrk

that should be done, in particular, we demonstratendesl for
two related models on differenabstraction levels. More
design decisionsare discussed in langer version ofthis
paper, which takes a broader point of view [4].

The paper is structured @®llows: Section 2 explains the
basicidea ofspatio-temporaldatatypes in a bitmore detail.
Section 3 and 4contrast the continuousand discrete
approaches talatamodeling, a short concludingtatement
follows in Section 5. Section 6 discusses related work, and
Section 7 offers general conclusions and future work.

2

Let us assume that a database consists of a séjaift classes

(of different types or schemas Each object class has an
associated set obbjects each object has a number of
attributeswith valuesdrawnfrom certain domainsor atomic

The Basic Idea

data typesOf course, there may be additional features, such as

object (or oid-) valued attributes, methods, objectlass

and to be able to work with standard datadels, we camven
omit this validity interval, and just rely ontime-dependent
attribute values described next.

2.1 Spatio-Temporal Types and Operations

Besidesobjects, attributes describingeometries changing
over time are of particular interest. Hence wewould like to
define collections ofabstract data types or in fact many-
sorted algebrascontaining several relatedypes and their
operations, for spatial valuahangingover time. Two basic
types are mpointand mregion Let us assumehat purely
spatial data types called point and region are given that
describe gooint and aregion in the2D-plané (a region may
consist of several disjoinareas which may have holes) as
well as a typetime that describes the valid timgimension.
Then we can view the typ@spointandmregionas mappings
from time into space, that is

mpoint=time - point
mregion=time - region

More generally, wecan introduce a type constructomvhich
transforms any given atomic data typento a typet(a) with
semantics

T(a) =time - a

and we candenote the typesmpoint and mregion also as
1(point) andt(region), respectively.

A value of typempointdescribing gosition as dunction of
time can be represented aswave in thethree-dimensional
space X, Yy, t) shown in Figure 1. We assume that space as well
as time dimensionsare continuous, i.e., isomorphic to the
real numbers. (It should h@ossible to insert a point itime
between any twaiven timesandask, e.g.,for aposition at
that time.)

t

XV

Figure 1: A moving point

A value of typemregionis a set of volumes in the 3D spage (
y, t). Any intersection of that set of volumes with a plare
to yields aregion value, describing the moving region tane
to. Of course, it ispossible that this intersection &smpty,
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 of emoving object at a particular point in
time. Minvalueandmaxvaluegive the minimum and maximum
values of a moving object. Both functions are only defined for
typesa on which a total order exists.

In particular, formoving spatial objects wenay have an
operation, such as

- mreal mdistance

mpointx mpoint
Mdistance computes the distance between the twmoving
points atall timesand hence returns a timehanging real
number, a type that we cathreal ("moving real”; mreal =
T(real)).

Operations may also involve purely spatial or purely temporal
types and other auxiliary types&or thefollowing examples,
let line be a dataype describing &urve in 2D spacavhich
may consist of several disjoint pieces; ritay also bself-

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 oflae value.

2.2 Some Example Queries

The presented data types can now be embedded intDBIS
data model as attributdatatypes, andthe operations beaised
in queries. For example, we cdntegrate 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 Dusseldorf
that are longer than 5000 kms™:

SELECTIid

FROM flights

WHERE from = "DUS"

AND length (trajectory (flight)) > 5000

This query usesprojection into spaceDually, we canalso
formulate queriegrojecting into time.For exampleiWhich
destinations can be reached from S&mancisco within 2
hours?"™:

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

Beyond projections into space and time, there are also
genuinespatio-temporal questions that cannot be solved on
projections. For example, “Find all pairs of planes that during
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-temporal joitMany
more examples can be found in [4, 6].

3

Abstract models allow us to makaefinitions in terms of
infinite sets, without worrying whether finiteepresentations

of these sets exist. This allows us to view a moving point as a
continuouscurve in the 3Dspace, as amrbitrary mapping
from an infinite time domain into an alsanfinite space
domain. All the types that we get byapplying the type
constructorT are functions over aninfinite domain, hence
each value is an infinite set.

Abstract Models Are Simple ...

This abstract view is the conceptual model thatavesnteres-
tedin. The curve described bypéane flying over space is
continuous; for any point in time there exists a vahegard-

less of whether we are able to give a firdigscriptionfor this
mapping (or relation). In Section 2 we have in fact described
the types mentioned under this view. In an abstract model, we
have no problem in using types like “moving reatfireal
andoperations likemdistance since it isquite clearthat at

any time some distance between tm®ving points exists
(when both are defined).

Defining formally an algebra for an abstract mottabks as
follows. We need to define carrier sets for the types (sorts) and
functions for the operators. For a typewe denote its carrier
set asA; and for anoperator op the function giving its
semantics asf,,. We consider the following example
sighature:

sorts point, time mpoint mreal

operators
mpointxtime - point at
mpointx mpoint - mreal mdistance

We first define the carrier sets:

Apoint = IRO {0} Atime = Areal = RO{0}
So a point is an element die plane over real numbers, or
undefined: For the*moving” types wecan provide aingle
generic definition based on the type constructor

Ay = {f T Aime — Aq is a function}

Functionsare defined afllows. Let r, s be values oftype
mpoint and t a time Furthermore, letd(p, g denote the
Euclidean distance between two points in the plane.

far (. 1) r(t)

fmdistance(l’, S) 1= 9: Aime ~ Area) SUCh that
rd(r(t), s(t)) ifr(t)z00s(t)z 0
o(t) = 0

otherwise

So abstract modelsare conceptually simple and their
semantics can be definecelatively easily. Again, this
simplicity is due to the fact that we adndiéfinitions interms
of infinite sets and functions without worrying whetHarite
representations exist.

2 We include the valuéd (undefined)into all domains to make the
functions associatedith operators completeThis is more practical
than have the system return an error when evaluating a partial
function.



4 ... But Only Discrete Models Can Be
Implemented

The only trouble with abstract models is that we carstote
and manipulate them in computers. Only finiend infact
reasonably small setxan be storedjata structures and
algorithms have to work witldiscrete(finite) representations
of the infinite point sets.From this point of view, abstract
models are entirely unrealistic; only discrete models are
usable.

This means we somehoweeddiscrete models fomoving
points and moving regions asvell as for all otherinvolved
types (nreal region ...). We can view discrete models as
approximations finite descriptions of thénfinite shapes we
are interested in. In spatial databases there is ¢laene
problem of giving discreterepresentationsfor inprinciple
continuous shapes; there almost alwalisear approxi-
mationshave been used. Hence, a region is describadrins
of polygons and a curve in space (e.g. a river) polyline.
Linear approximations are attractivecause thewreeasy to
handle mathematically; most algorithms igomputational
geometry work on linear shapes such asctangles,
polyhedra, etc. A linear approximation fom@ving point is
a polyline in 3D space; a lineapproximationfor amoving
region is a set of polyhedra (see Figure 2). Note thabging
point can be a partiaglunction, hence itmay disappear at
times, the same is true for the moving region.

t
t y y
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Figure 2: Discrete representations for
points and moving regions
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Defining formally an algebra for a discrete model means the

same as for theontinuous modeldefine carrier sets for the

a position in spac@; and atime t;. It also contains #ag b;

which tells whether the point is defined at times betwgand
ti+1 (bj = true). This allows for theepresentation opartial
functions (of the conceptual levelfinally, there is a flagg

which states whether betwegnandtj,; a stepwiseconstant
interpretation is to be assumed, i.e., the point stayegy], idid

not move ¢ = true), or linearinterpolation, i.e., atraight
line betweenp; and p;;+1, is to be usedc( = false). This

representatiorhas been chosen arder to support different
classes of applications for moving point, eumiqueevents,
stepwise constant locations, etc.

The intended meaning of the structure that we hgust

described needs of course to be formalized. This is exactly the

semantics of the operatat:

Letr be a value ofype mpointandt atime value.Letr =
<(p1, t1. b1, 1)y ---s @me tme Py Cm)> for somem = 0.

far (r, 1) =
0 ifm=00(m>00(t<t; Ot>t,,))
o ifm210(0 L. m: 4 =1)

in(p;, t, Pi+1, tivg, 1)
ifm=20(0 O{L,...m=-3: (t <t<tj41)Ob O-q)

it m>20(0 OfL,...m-1: (t; <t <t;,;)Ob Og,
if m=20(0 OfL,..,m-1: (t; <t <t;,;) O-by

Up;

where lin(py, t1, po, ty, t) is a function thatperforms
linear interpolation (puts a line through the twpoints
(p1, t1) and 5, ty) in 3D space and returns the poimton
the line at tima).

One canobserve that definitiongor the discrete model are
considerably more complex than those for the abstreadel.
On the other hand, they can be translated datastructures
and algorithms which is not the case for the abstract model.

Apart from complexity, there are other difficulties with
discrete modeling. Suppose we wishdefine the typemreal
and the operatiomdistance What is a discreteepresentation
of the typemreal ? Since we like linear approximations for the

reasons mentioned above, the obvious answer would be to use

a sequence gbairs {alue time) and usdinear interpolation
between the given values, similarly as for the moving point.

sorts and functions for the operators. We consider a part of thejf we now try to define themdistanceoperator, we have to

example above:

sorts point, time mpoint

operators
mpointxtime - point at

Type mreal and operator mdistancehave been omitted; for
good reason, as we will se€arrier sets can bdefined as
follows:

Apoint = Dpaint 0 {[} whereDpgint = realx real

time = Dtime U {(} where Dyjme = real
Area :=realld {7}
Ampoint= {<(P1, t1, b1, €1), .., Om, tm Pm, C)> M 20,

(D 0 {1, ceey m}: Pi 0 Dm, ti 0 Dti_me bi,Ci 0O bOOl),
(00, 0L, o mp i <j 0 <t)}

A few explanationsare neededdere by“real” and“bool” we
mean data types offered by a programming languagehaVe
introduced names for the defined part of a carget, e.g.
Dpoint A moving point is represented by sequence of
quadruples. The sequence mayepepty; this will meanthat
the position is undefined at all timeBach quadrupleontains

determine the time-dependent distance between meeing
points represented agolylines. Tosee what thameans,
imagine that through each vertex of each of the patylines
we put a planet = t; parallel to thexy-plane. Within each
planet =t; we can easily compute the distance; this weult
in one of the vertices for theesulting mreal value. Between
two adjacent planes we have to consider the distast@een
two line segments in 3D space. Howewis is not ainear
but a quadratidunction (moving along the time axis, the
distance may decrease and then increase again).

This is annoying, especiallysince the minimal distance
between twomoving points can be muckmaller than the
distance measured in any of the plabhest;. Henceusing just
these measurements as vertices forrtteing real andthen
use linear interpolation would lead to quite wrong results.
What can be done? One cagither stick with linear
interpolation and themdd asvertices the focapoints of the

parabolas describing the time-dependent distance between two

planes. In this way at least the minimal distamerild not be
missed. However, then the discrete modelld already be
inconsistent in itself, as the behavior of the distabetveen
the two polylines is not correctly represented. &ternative



would be todefine the discrete model for theoving real in
such a way, that it contains parameters doadraticfunctions
between twovertices. But this immediately raisesother
questions. Why justguadratic functions motivated by the
mdistance operation, perhap®ther operationsneed other
functions?Should we allow parameters f@olynomials? Up

stepwise constanbut notcontinuous temporal evolutions of
spatial data.

Yeh and Cambray [16, 17] emphasize some aspectso
mentioned inour paper. Since spatialataover time can be
highly variable, they consider a continuous view of these data

to what degree? Storing these parameters is expensive. And alfs indispensabl@nd asnapshotview asinappropriate. So-
kinds of operations that we need on moving reals must then becalled behavioral time sequencaw introduced.Eachelement

able to deal with these functions.

This example demonstrates what kind of nasty problanise

in discrete modeling that weimply do notsee imbstract
modeling.
5 Both Levels of Modeling Are Needed

We conclude thaboth levels of modelingreindispensable.
For the discrete mode¢his is clear anyway, a®nly discrete
models can be implemented. However, if we restitention
directly to discrete models, there is a danger thatoa-
ceptually simple, elegant design afuery operations is
missed. This is because thepresentational problemmight
lead us to prematurely discard some options for modeling.

For example, from theliscussion above one might conclude
that moving realsare groblemand no suckype should be
introduced. But then, instead of operationsminvalue,
maxvalue etc on moving reals one has fatroduce corres-
ponding operations for each time-dependent nunmEmperty

of a moving object. Suppose vege interested indistance
between twomoving points, speedof a moving point, and
sizeandperimeterof a moving region. Then we need operators
mindistancemaxdistanceminspeedmaxspeedand soforth.
Clearly, this leads to a proliferation of operat@rsd to a bad
design of aquerylanguage. So the better strategy is st@art
with a design at the abstract levahd then to aim forthat
target when designing discrete models.

6 Related Work

For several years researchdrsth in the spatialand in the
temporal community have recognized theed of asimul-
taneous treatmenand integration of data with spatial and
temporal features in databases. cAmprehensivebiblio-
graphy on spatio-temporalatabases until 1994 is given in
[1]. Many of its articles document the interaction of space and
time throughapplication examplesBut nevertheless, up to
now research on models fepatio-temporaldatabases istill

in its infancy.

Most of the research on this topic hdscused on the
extension of specialized spatial or temporalodels to
incorporate the othedimension. Most modelingpproaches
adopt thesnapshotview, i.e., represent space-tintdata as a
series of snapshots. Gadia et al. rppose time-andspace-
stamping of thematic attributes asnathod to captureheir
time- and space-varying values. The time dimenglescribes
when an attribute value is validind the spatialdimension
expresseswhere it isvalid. While each value has always a
temporal evolution, it isdoubtful whether it always has a
spatial aspect. Worboys [15] definspatio-temporalobjects
as so-called spatio-bitemporal complexesTheir spatial
features arggiven by simplicial complexes; theitemporal
features are described ljtemporal elements attached to all
components of simplicial complexes. [B] and[12] event-
based approachesfor ST databaseare proposed. Events

of such a sequena®ntains a geometric value, date, and a
behavioral function, the latter describing the evolution up to
the next element of the sequence. Examples of sisen or
predefinedfunctions are punctual functions, stepfunctions,
linear functions,and interpolation functions. A 2Dobject
evolving inthe course of time is described by a 8bject.
While therearesome similar ideas, they have mmtion of
abstract spatio-temporal data types with operations.

An interesting proposal thatdirectly addressesmoving
objects is given in [13]Here amoving object, e.g. aar or
plane, is described by a so-calledlynamic attribute A
dynamic attributecontains amotion vectorand candescribe
the current status of a moving object (e.g. heading éertain
direction at a certain speed). Ampdate to the database can
change this motion vector (e.g. when a plane takes a turn). In
this model aquerywill return different results when posed at
different times; queries about the expectddture arealso
possible. This model is geared towardgehicle tracking
applications; in contrast tour proposal attributes do not
contain the whole history of a moving object.

First attempts have beemade toemploy the constraint
database approach [11] ospatio-temporaldata. Work in
constraint databases generally applies #&patio-temporal
settings as arbitrary shapes in multidimensional spaces can be
described. Two papers thatexplicitly deal with spatio-
temporal examples and models are [9, 2].

7

We have proposed aew approach to the modeling and
implementation of spatio-temporal database systems based on
spatio-temporal data typeThis approach allows aentirely
general treatment dime-changing geometriesyhetherthey
change in discrete steps, or continuously. Hence in contrast to
most other work it also supports the modeling and querying of
moving objects. Spatio-temporalatatypes can beused to
extend any DBMS data model, and they offer a clear
implementation strategy as extension packagesxtensible
DBMSs.

Conclusions and Future Work

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

The next steps in this approaahethe design of aabstract
model, then a discrete model based ipninvestigation of
efficient data structures and algorithms for the discretelel,
and implementation. We are currently completing the
systematic desigandformal definition of a system oflata
types and operations athe abstract level [6]. We plan to
define a part of this design as a discrete model. Ourcivaice

is to use linear descriptions for thgpointandmregiontypes
as well as for the spatial typdséng, region) but to use (square
roots of) quadratic functions for thepresentation ofoving
reals. In thisway we can usthe standardomputational
geometry algorithmsfor linearshapes, but haverepresen-
tations of time-dependent distances as well as perimeters and

indicate changes of the locations and shapes of spatial objectsizes of regions, that are consistent with the linear shapes on

andtrigger the creation ofiew versions inthe database. All
these approacheare only capable of modeling discrete or

which they are based. As far as the design of data structures and
algorithms andimplementation are concerned, similawork



has been done earlier for spatial databases in the ROSE algebr[alS] Worboys, M.F., AUnified Model for Spatial and

[10, 8]. Temporal InformationThe Computer Journalol. 37,
no. 1, 27-34, 1994.
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