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1 Introduction

In the past, research spatialand temporaldatamodelsand databasesystemshasmostly beendone
independentlySpatial databaseesearchhas focusedon supportingthe modeling and querying of
geometriesassociatedwvith objectsin a database[Gii94]. Temporal databaseshave focused on
extending the knowledge kept in a database about the current state of the real wdtdédhe past,
in the two sensef “the pastof the realworld” (valid time) and“the paststatesof the database”
(transactiontime) [TCG+93]. Neverthelessmany peoplehavefelt that the two areasare closely
related, since both deal with “dimensions” or “spaces” of some kimdithat an integrationfield of
“spatio-temporal databases” should be studied wouldhaveimportantapplications.The question
is, what the ternspatio-temporal databaseally means.

Clearly, when we tnan integrationof spaceandtime, we are dealingwith geometrieschangingover
time In spatial databaseghree fundamentalabstractionsof spatial objectshave beenidentified: A

pointdescribes an object whose location, but not exterglesant,e.g.a city on a large scalemap.A

line (meaninga curve in space,usually representechs a polyline) describesfacilities for moving

through space or connections in space (roads, rivers, fioegretc.). A regionis the abstractiorfor

an object whose extent is relevant (e.g. a forest or a lake). Hmesefer to two-dimensionakpace,
but the same abstractions are valid in three or higher-dimensional spaces.

Now, consideringpoints, the usual word for positions or locations changingover time is move
Regionsmay changetheir location (i.e. move as well as their shape(grow or shrink. Hencewe
conclude that spatio-temporal databases are essedtitdlyases about moving objects.

Since lineg(curves)arethemselvesbstractionor projectionsof movementsit appearghatthey are

not the primary entities whose movements should be considered, and we should fécusicsting
pointsandmoving regionsin the approachdescribedn this paperwe will considerthe fundamental
propertiesof moving points and moving (and evolving) regionsandtry to supporttheir treatmentin
datamodelingand querying,ratherthanbe driven by particular(existing) applicationsOn the other
hand, if we succeed in providing such basic support, then we may be able to initiate applicatsans th:
far have never been thought of. Table 1 shows a list of entities thatos@and questionsone might

ask about their movements.

Although we focus on the generalcaseof geometriegshat may changein a continuousmanner(i.e.
move), one shouldotethatthereis a classof applicationsvheregeometrieschangeonly in discrete
steps. Examples are boundaries of states, or cadastral applications, where e.g. coamgzstopof
a pieceof land can only happenthrough specific legal actions.Our proposedway of modelingis
generalandincludesthesecaseshut for themalso moretraditional strategiesould be used,and we
shall compare the approaches in the paper.

1 This is in fact the goal of the EU-TMR-Project CHOROCHRONOS under which this work was done.

2 However, thisdoesnot meanthat line featureschangingover time are entirely irrelevant; they should certainly be
included into modeling in the long run. In fact, in the continuatiothisf work [GBE+98] we did include moving
lines into the model, because they are also needed for reasons of closure under operations.



Also, if we considertransactiortime (or bitemporal)databasest is clearthat changedo geometries
happen only in discrete steps through updates tdatebaseHenceit is clearthat the descriptionof

moving objectsrefersfirst of all to valid time. So we assumethat completedescriptionsof moving

objects are put into the database by the applications, which means we are in the frambistartoad

databasesgeflecting the currentknowledgeaboutthe pas® of the real world. Transactiontime data-
bases about moving objects may be feasible, but will not be considered initially.

Moving Points Moving Regions
People: Countries
» Movements of a terrorist/spy/criminal » What was the largest extent ever of the Roman
Animals empire?
» Determine trajectories of birds, whales, ... » On which occasionsdid any two states merge?
* Which distancedo they traverse,at which speed? (Reunification, etc).
How often do they stop? » Which states split into two or more parts?
» Where are the whales now? » How did the Serb-occupiedareasin former Yugo-
« Did their habitats move in the last 20 years? slavia develop over time? When was the maximal
Satellites, spacecraft, planets extent reached?Was Ghorazde ever part of their
» Which satelliteswill get closeto the route of this territory?
spacecraft within the next 4 hours? Forests, Lakes
Cars » How fast is the Amazone rain forest shrinking?
» Taxis: Which one is closestto a passengerequest e Is the deadseashrinking?Whatis the minimal and
position? maximal extent of river X during the year?
 Trucks: Which routes are used regularly? Glaciers
« Did the trucks with dangerous goodsmecloseto a| < Does the polar ice cap grow? Does it move?
high risk facility? * Where must glacier X have beanhtime Y (backward
Planes projection)?
* Were any two planes close to a collision? Storms
* Are two planes heading towardachother(going to| <« Whereis the tornadoheading?When will it reach
crash)? Florida?
* Did planes cross the air territory of state X? High/low pressure areas
» At what speed does this planove?Whatis its top| ¢ Where do they go? Where will they be tomorrow?
speed? Scalar functions over space, e.g. temperature
* Did Iragi planes cross the 39th degree? * Where has the 0-degree boundary been last midnight?
Ships People
 Are any ships heading towards shallow areas? « Movements of the celts etc.
» Find “strange” movements ahipsindicatingillegal | Troops, armies
dumping of waste. » Hannibal going over the alps. Show his trajectory.
Rockets, missiles, tanks, submarines When did he pass village X?
* All kinds of military analyses Cancer
» Canwe find in a seriesof X-ray imagesa growing
cancerHow fast doesit grow?How big wasit on
June 1, 1995. Why was it not discovered then?
Continents
« History of continental shift.

Table 1: Moving objects and related queries

There is als@n interestingclassof applicationsthat can be characterized@s artifactsinvolving space
and time, such as interactive multimedia documents,virtual reality scenarios,animations,etc. The
techniquesdevelopedhere might be useful to keep such documentsn databasesnd ask queries
related to the space and time occurring in these documents.

The purposeof this paperis to describeand discussan approachto modeling moving and evolving
spatial objects based on the usalwdtract data type€ssentially, we introduce data tydes moving
points and moving regions together with a set of operations on such entities. Onalseadsimber
of relatedauxiliary datatypes,suchas pure spatialor temporaltypes, time-dependenteal numbers,

3 For certain kindof moving objectswith predeterminedchedulesor trajectories(e.g. spacecraftair planestrains)
the expected future can alse be recorded in the database.
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andso forth. This collection of typesand operationscanthen be integratedinto any DBMS object
algebra or query language to obtain a complete data model and query language.

The goal of this first paperon the approachs not yet to offer a specific designof suchtypesand
operationsor a formal definition of their semanticsThis needsto be donein further steps.Instead,
here the goal is to give an outline of the work that should be done, to justify the approach in the ligt
possiblealternativesandto discussa numberof basic designchoicesthat needto be madebefore
delving into the specific designs.

Therehasbeena large body of work on spatialand on temporaldatabasesWe discussthe basic
approaches taken in these fields within SecBoNot so many papershaveaddressedhe integration
of space and time. We discuss this more specific research in Section 4.

The paper is structured as follows: Section 2 explains the basicfidgatio-temporatiatatypesin a
bit more detail. Section3 is devotedto discussingoasicquestiongegardingthe approachaswell as
some fundamental design choices that need to be made. Skedignusseselatedwork, and Section
5 offers conclusions and future work.

2 The Basic ldea

Let us assume that a database consists of a ebjaut classedof differenttypesor schemaps Each
object class has an associated sebgdcts each object haa numberof attributeswith valuesdrawn
from certaindomainsor atomic data type<Of course, there may be additiofedhturessuchas object
(or oid-) valued attributes, methods, object class hierarchies, etc. Ragsinatiafeaturesarethe ones
mentioned above; these are common to all data models and already given in the relational model.

We now consider extensions to the basmdelto capturetime and space As far as objectsare con-
cerned, an object may be created at some time and destregdedater time. So we canassociate
validity interval with it. Asa simplification, andto be ableto work with standarddatamodels,we can
even omit this validity interval, and just rely on time-dependent attribute values described next.

2.1 Spatio-Temporal Types and Operations

Besides objects, attributéescribinggeometrieschangingover time are of particularinterest.Hence
we would like to define collections abstract datatypes or in fact many-sortedalgebrascontaining
severalrelatedtypesandtheir operationsfor spatialvalueschangingovertime. Two basictypes are
mpointandmregion Let us assume that purely spatial data types gatliedandregionare giventhat
describea point anda regionin the 2D-plané (a region may consistof severaldisjoint areaswhich
may have holes) as well agype time that describeghe valid time dimension.Thenwe canview the
typesmpointandmregionas mappings from time into space, that is

mpoint=time - point
mregion=time - region

4 We restrict attention to movemerits 2D spaceput the approachcan, of course,be usedaswell to describetime-
dependent 3D space.
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More generally, we can introduce a type constructehich transformsany given atomic datatype a
into a typet(a) with semantics

T(a) =time - «a

and we can denote the typapointandmregionalso ag(point) andt(region), respectively.

A value of typempointdescribing a position as a function of time &&represente@sa curvein the

three-dimensional space {, t) shown in Figure 1. Wassumehat spaceaswell astime dimensions
are continuousj.e., isomorphicto the real numbers (It shouldbe possibleto inserta point in time

between any two given times and ask for e.g. a position at that time.)

t
A

x

Figure 1: A moving point

A valueof type mregionis a setof volumesin the 3D space(x, v, t). Any intersectionof that set of
volumes with a plane=tg yields aregionvalue, describing the moving regiantime to. Of course,it
is possible that this intersection is empty, and an empty region is also a proper region value.

We now describea few exampleoperationsfor these data types. Note that these are purely for
illustrative purposesthis is in no way intendedto be a closedor completedesign.Such a complete
design is being developed in [GBE+98].

Generic operations for moving objects are, for example:

T(a) x time - a at

() - a minvalue, maxvalue
() - time start, stop

T(a) - real duration

a - T(a) const

At givesthe value of a moving objectat a particular point in time. Minvalue and maxvaluegive the
minimum and maximumvaluesof a moving object. Both functionsare only definedfor typesa on
which a total order existStartandstopreturn the minimum and maximum of a moving value’s (time)
domain, andlurationgives the total length of time intervasnoving objectis defined.We shall also
use the functionstartvalugx) andstopvaluéx) as an abbreviation fat(x, start(x)) andat(x, stogx)),
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respectively.Whereasall theseoperationsassumethe existenceof moving objects, const offers a
canonical wayto build spatio-temporabbjects:cons{x) is the “moving”> objectthat yields x at any
time.

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

mpointx mpoint - mreal mdistance
mpointx mregion - mpoint visits

Mdistancecomputes the distance between the two mopigts at all timesand hencereturnsa time
changing reahumber,a type that we call mreal (“moving real”; mreal = t(real)), and visits returns
the positions of the moving point given as a first arguraetite timeswhenit wasinside the moving
region provided as a second argument. Here it becomes clear that a valuengidypienay alsobe a
partial function, in the extreme case a function where the point is undefined at all times.

Operationgmay alsoinvolve pure spatialor pure temporaltypes and other auxiliary types. For the
following examples, Ieline be a data type describing a curve in 2D space which may cohsesteral
disjoint pieces; it may also be self-intersecting.regionbe a type for regions in the plane which may
consist of several disjoint faces with holes. Let us also have operations

mpoint - line trajectory
mregion - region traversed
point x region - bool inside
line - real length

Heretrajectoryis the projectionof a moving point onto the plane.The correspondingprojectionfor
moving regions is the operatitmaversedhat gives the total areghe moving region everhascovered.
Insidechecks whether a point lies inside a region,langdthreturns the total length ofliae value.

2.2 Some Example Queries

The presented data types can now be embedded into any DBMS data model as attribute data type
the operationde usedin queries.For example we canintegratethem into the relational model and
have a relation

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

We can then ask a query “Give me all flights from Duisseldorf that are longer than 5000 kms”:

SELECTid
FROM flights
WHEREfrom = "DUS" AND length (trajectory (route)) > 5000

This query uses projection into space. Dually,caralso formulatequeriesprojectinginto time. For
example, “Which destinations can be reached from San Francisco within 2 hours?”:

5 Actually, cons(x) does not move at all!



SELECTto
FROM flights
WHEREfrom = "SFO" ANDduration (route) <= 2.0

Beyond projectioninto spaceandtime, thereare also genuinespatio-temporatjuestionghat cannot
be solved on projections. For example, “Find all pairs of planesltinatg their flight camecloserto
each other than 500 meters!™:

SELECTA.id, B.id
FROM flights A, flights B
WHERE A.id <> B.id ANDminvalue (mdistance(A.route, B.route)) < 0.5

This is in fact an instance of a spatio-temporal join.

The information contained in spatio-temporal data types is verylngharticular,relationsthat would
be usedin traditional or spatialdatabasesanbe readily derived. For instance ,we can easily define
views for flight schedules and airports:

CREATE VIEW schedule AS
SELECT id, from, tostart (route) AS departurstop (route) AS arrival
FROM flights

CREATE VIEW airport AS
SELECT DISTINCT from AS codestartvalue (route) AS location
FROM flights

The above examples use only one spatio-temporal relation. Even more intenestingesariseif we
consider relationships between two or more different kinds of moving objectiemonstratehis we
use a further relation consistingof weatherinformation, such as high pressureareas,storms, or
temperature maps.

weather (kindstring, areamregion

The attributé’kind” givesthe type of weatherevent,suchas,“snow-cloud” or “tornado”, andthe
“area” attribute provides the evolving extents of the weather features.

We can now ask, for instance, “Which flights went through a snow storm?”

SELECTIid
FROM flights, weather
WHERE kind = "snow storm" ANDRIuration (visits (route, area)) > 0

Here the expressionsitgroute, area) computes for each flight/storm combinatioroving point that
givesthe movementof the planeinsidethis particularstorm.If aflight passeda storm, this moving
pointis not empty,thatis, it existsfor a certainamountof time, which is checkedoy comparingthe
durationwith 0. Similarly, we can find out which airports were affected by snow storms:

SELECT DISTINCT from
FROM airport, weather
WHERE kind = "snow storm" AND locatioinside traversed (area)



Finally, we can extend the previous query to find out which airports are most affeciedvipgtorms.
We canintersectthe locationsof airportswith all snow stormsby meansof visits and determinethe
total durations:

SELECT code, SUM{uration (visits (const(location), area))) AS storm_hours
FROM airport, weather

WHERE kind = "snow storm"

GROUP BY code

HAVING storm_hours >0

ORDER BY storm_hours

3 Some Fundamental Issues and Choices

Given this proposal of an approach to spatio-temporal modatidguerying,severalbasicquestions
arise that need to be clarified before proceeding in this direction:

» How is this related to the approaches taken in spatial databases and in temporal database

 Is it not sufficient to simply plug in spatial data types into temporal databases?

» We have seen spatio-temporal data types that are mapngtime into spatialdatatypes.
Is this realistic? How can we store them? Don’t we need finite, discrete representations?

» If we usediscreterepresentationsyhat do they mean?Are they observation®f the moving
objects?

» If we use discrete representations, how do we get the infinite entitiesHfeonthat we really
want to model? What kind of interpolation should be used?

* Finally, how does all this compare to the constraint database approach?

In the following subsections we discuss these questions.

3.1 The Spatial vs. the Temporal Database Approach

The proposed approach is in fact quite similar to what has been done in spatial datdiaasébese,
a database is viewed as a collection of object classes; objects may not haveattributesof spatial
data types. Research has then tried to identify “good” desigoallectionsof typesand operations,
or algebrage.g.[SV89, SH91,GS95]). As far asthe DBMS is concernedspatialdatatypes are in
principle not different from other datatypes.Of coursethey needspecialsupportin indexing, join
methods, etc., but this mightso happento other datatypes.So the proposalof spatio-temporatiata
types directly continues the spatial DB approach.

The obviousquestionis whetherone could not equallywell, or perhapsbetter, extendthe approach
taken in temporal databases.

The following is surely a simplification, but shouldin essencebe true: in temporal databaseghe
emphasias beenon consideringdatabasess containingcollectionsof facts ratherthan objects.
Henceatuplein arelationis basicallya fact. A normal databaseontainsfacts that describewhat is
now believedin the databaséo be the current stateof the real world. To obtain temporaldatabases,
tuples are extended wititme stampshat associate eithewalid timeinterval (historical databasesyr
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atransaction time intervalrollback databases), or bafbitemporaldatabaseg)SA85, Sn87]. A valid
time interval expresses when this fact was true in the real world; a transaction time intervalistiows
the fact was believed in the database. Hence we get, for example, relations like the following:

employee (namestring | salaryint || from | to | begin | end)

It is important to note thdime stampsare system-definednd maintainedattributesratherthanuser-
definedasin spatialdatabasedn a temporaldatabasef someflavor (e.g. historical), every relation
has these (e.g. valid time) attributes. This makes sense, since tionm@veraalconceptthat appliesto
all factsin a databaseBecausdime is so generalthatit affectsall factsof the databaseit definitely
makessenseo let the systemdealwith it asfar as possibleautomatically.Hencethe user doesnot
have to specify time attributes when creating a new relation schema, and in qudofing edfort has
beeninvestedto make sure that thesesystem-maintaineattributesbehavenaturally. For example,
performing a join on two tables, the system automatically puts only tiqgetherthat are valid at the
same time. Also, if the user is not interested in the time aspectibasdot mentionthemin a query,
the behavior should be consistent with thiaa standarddatabasd€theseissuesare known as upward
compatibility, snapshot reducibility, support of legacy applications, etc. [BJ96]).

Because a user doast declareand seeexplicit time attributes thereis no big incentiveto offer e.g.
time intervals with anumberof operationan the style of abstracidatatypesthat would thenbe used
like other data types in querying (although sammek in this directionexists[L093]). Rather,special
query language extensions are provided to allow the user to refer to and describe relabetvsbgrs
the implicit time attributes.

If we try to extendhis approachin a straightforwardway to integratespacewe could adda system-
maintained spatial attribute (e@region)to eachtuple. But whatwould that mean?To be consistent
with the fact-based interpretation, it should mean that this is the negspacewherethis fact is true.

There may be a few applications with facts whose truth varies over space. But the vast ofdguisy
is independenbf space.Henceon the whole, it doesnot seemthe right approachto associatea

system-defined spatial attribute with each tuple.

We have discussed only the perhaps most popular approasigtuple time stamps.Thereis also
work in temporaldatabaseproposingattributetime stampsthat is, describethe developmenbf an
attribute value by giving a set of (time-interval,valug pairs, or a sequenceof (time, valug pairs
[CC87,GV85, Ga88].In fact, at an abstractievel theseapproachesiew attributevaluesas functions
from time into somedomain,aswe do here.Hencethis is not so far from our proposalof spatio-
temporal data types. Also thime sequencegpproach [SS87] appears much more closely rethtad
tuple time stamps.

3.2 Why Not Just Use “Temporal Databases With Spatial Data Types”

Here the idea is quite simple: take any temporal data model or DB 3s system-maintainetime
attribute(s),andenhancat by offering spatialdatatypeswith operationdo be usedas user-defined
attributes, as in spatial databases. For example, we may have a valid-time relation:

country (namestring | arearegion|| from | to)
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Eachtuple describeghe extentof a countryduring a certain period of time. Whenevera country’s
boundaries change, this is recorded in another tuple.

This is something like the cross prodotttemporaland spatialdatabase<Capabilitiesof spatialand
temporalsystemsare combinedwithout any specificintegrationeffort. This approachis naturaland
reasonableandit appearghat its technologyis alreadywell-understoodastechniquedrom the two
fields can be used. However, it is limited to certain classes of spatio-temporal applicatials® hag
someotherdrawbacksaswe will see.As far asdatamodelingis concernedthis kind of model can
essentiallydescribestepwiseconstantvalues. To understandits scope, let us first introduce a
classification of spatio-temporal applications.

3.2.1Classes of Applications

We characterize applications with respctheir “shape” in the three-dimensionadpace(2D space,
time). For example, (point, point) means a point in space and a point in time.

(1) Eventsin spaceand time — (point, point). Examplesare archeologicaldiscoveries,plane
crashes, volcano eruptions, earthquakes (at a large scale where the duration is not relevan

(2) Locationsvalid for a certain period of time — (point, interval). Examplesare: cities built at
sometime, still existing or destroyed;constructionsites (e.g. of buildings, highways);
branches, offices, plantsr storesof a company;coal mines,oil wells, beingusedfor some
time; or “immovables”, anything that is built at some place and later destroyed.

(3) Setof location events— sequenceof (point, point). Entities of class (1) when viewed
collectively. For example, the volcano eruptions of the last year.

(4) Stepwiseconstantlocations— sequenceof (point, interval). Examplesare: the capital of a
country; the headquarter of a company; the accomodatiansadfelerduring a trip; the trip
of an email message (assuming transfer times between nodes are zero).

(5) Moving entities — moving poirExamples are people, planes, cars, etc., see Table 1.

(6) Region events in space and time — (region, pdinY, a forest fire at large scale.

(7) Regions valid for some period of time — (region, intenFady.example, thareaclosedfor a
certain time after a traffic accident.

(8) Set of regiorevents- sequencef (region, point). For example the Olympic gamesviewed
collectively, at a large scale.

(9) Stepwise constant regions — sequence of (region, inteRalexample, countries, resdtate
(changes of shape only through legal acts), agricultural land use, etc.

(10) Moving entitieswith extent— movingregion. For example,forests(growth); forest fires at
small scale (i.e. we describe the development); people in history; see Table 1.

3.2.2 Suitability of this Approach

As far as describing the structure of data is concerned, the approach of using “temporal database:
spatialdatatypes” (SDT-TDB for short) cannaturally describeapplicationclasseg1) through (4)

and (6) through (9). But it cannot capture &imyd of movementthatis, classeq5) and(10). On the
other hand, our proposal of spatio-temporal data types is entirely general and can easily describe ¢
classes of applications.
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If we consider operations on data, tHIDT-TDBs havedifficulty to supportqueriesthat refer to the
development of an entity over time, for examphat wasthe largestextentof a countryever?”or
“Find travelers that move frequently!”. Such questions have to be translated into operation®bn se
tuples,and the first stepis always to retrieve all tuples describingthe entity. Apart from being
inefficient, defining operations on sets of tuples and integrating thiesa query languageaswell as

into query processings difficult. Viewing the time-dependengeometryas an entity andan ADT as

we propose seems much cleaner and simpler.

There is also a problem if the object with the stepwise constant spatial attribute changes frequently
respect to other attribute values. In that case, a fir@sionof the tuple needsto be createdwhenever
the other attribute value changes.Traditional temporaldatabaseesearchhas assumedhat attribute
valueshave small representationsThis is not true for spatial entities, which may have quite large
descriptions.Henceif we keep many copiesof the spatial attribute, just becauseanother attribute
changesthena lot of storageis wasted.One cantry to avoid this by vertical decompositiorof such
relations, but this, of course, has also its drawbacks, as joins are needed to put tuples together age

In summary,this approachis valid and can supportsomeapplications,but also hasits problems.
Spatio-temporabtatatypes supportin addition all kinds of movements,and avoid the mentioned
problems. So they seem preferable even for those applications that can be treated with SDT-TDBs

3.3 Abstract vs. Discrete Modeling

What does it mean to develop a datadelwith spatio-temporatiatatypes?Actually, this is a design
of amany-sorted algebral here are two steps:

1. Inventa numberof typesand operationsbetweenthem that appearto be suitablefor que-
rying. So fartheseare just nameswhich meansone givesa signature Formally, the signa-
ture consists oforts(names for the types) aogerators(names for the operations).

2. Define semantics for this signatutbatis, associatean algebra,by defining carrier setsfor
the sorts anéunctionsfor the operators So the carriersetfor atypet containsthe possible
values fort, and the functions are mappings between the carrier sets.

For a formal definition of many-sortedsignatureand algebrasee [EM85] or [GU93]. Now it is
important to understand that one ¢aakesuchdesignsat two differentlevelsof abstractionnamely
asabstractor asdiscrete models

3.3.1Abstract Models Are Simple ...

Abstract models allow us to make definitions in teohfinite sets,without worrying whetherfinite
representations of these sets exist. This allows us toavieawing point as a continuouscurvein the
3D space, as arbitrary mapping from an infinite time domain into an also infinite space dorAlin.
the typesthat we get by applicationof the type constructort are functions over an infinite domain,
hence each value is an infinite set.

This abstractview is the conceptuaimodelthat we areinterestedn. The curve describedby a plane
flying over space is continuous; for any point in time there exists a value, regafdidsstherwe are
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able to givea finite descriptionfor this mapping(or relation).In Section2 we havein fact described
the typesmentionedunderthis view. In an abstractmodel, we have no problemin using types like
“moving real”, mreal and operations like

mpointx mpoint - mreal mdistance

since it is quite clear thatt any time somedistancebetweenthe moving points exists(whenboth are
defined). It is also easy to introduce an operatalacity

mpoint — mpoint velocity
This is just the derivative of the time-dependent vel(orgiving the position of the movingoint, that

is, %V(t), usually denoted al‘é(t), which is a time-dependent vector again and hemteheshe type
mpoint

Defining formally an algebra for an abstract model loagfollows. As mentionedabove,we needto
define carrier setsfor the types(sorts)and functionsfor the operators.For a type t, we denoteits
carrier setas A; and for an operatorop the function giving its semanticsas fop. We considerthe
following example signature:

sorts point, time, real, mpoint mreal

operators
mpointx time - point attime
mpointx mpoint - mreal mdistance

Here attimeis the operationthat givesus the position of the moving point at the specifiedtime. We
first define the carrier sets:

Apoint = IR? 0 {(}

Aiime := IR0 {0}

Areal :=IRO {0}
Ampoint = {f| f: Aime — Apoint is a function}
Amreal = {f | f: Atime — Areal is a function}

So a point is arlementof the planeover real numbersor undefine® For the “moving” typesone
could also provide a single generic definition based on the type construttoduced in Section 2:

Oa O {point real, ...}: At(a) = {f| f: Atime — Aq is a function}
Functions are defined as follows. lres be values of typepointandt atime.

fatime(, 1) =r(t)

6 We include the valu&l (undefined) into all domains to make the functions associatedopéhatorscomplete.This
is more practical than have the system return an error when evaluating a partial function.



fmdistancell’; 9):=

cd(r (1), s(t))

9 Aime — Aveal Such thag(t) = 0

12

if r(t) # 00s(t) # O

whered(p, ) denotes the Euclidean distance between two points in the plane.

So abstract models are conceptually simple and their semantibe dafinedrelatively easily. Again,
this simplicity is due to the fact that we admit definitions in terms of infinite setRiantionswithout

worrying whether finite representations exist.

3.3.2... But Only Discrete Models Can Be Implemented

The only trouble with abstract models is that we cannot store and mantpelate computersOnly
finite and in fact reasonably small sets can be stored; data structulega@ittimshaveto work with
discrete (finite) representatiomd the infinite pointsets.From this point of view, abstractmodelsare

entirely unrealistic; only discrete models are usable.

This means we somehow need discrete models for moving points and moving regions as wall as f
other involved types (mreal region, ...). We can view discrete models as approximations finite
descriptions of the infinite shapes & interestedn. In spatialdatabasethereis the sameproblem

of giving discreterepresentationgor in principle continuousshapes;there almost always linear
approximationshavebeenused.Hence,a region is describedin termsof polygonsand a curve in
space (e.g. ariver) by a polyline. Linegoproximationsare attractivebecausehey are easyto handle
mathematically; most algorithms in computational geometry warknear shapesuchasrectangles,
polyhedra, etc. A linear approximation forreving point is a polyline in 3D space;a linear approxi-
mation for a moving region is a set of polyhedra (see Figure 2). Remembemitwhg point canbe

a partial function, hence it may disappear at times, the same is true for the moving region.

t
A

>
X

>
X

Figure 2: Discrete representations for moving points and moving regions

Defining formally an algebra for a discrete model means the same as for the continuou®efouel:
carrier sets for the sorts and functions for the operators. We consider a part of the example above



sorts point, time, real, mpoint

operators
mpointx time - point attime

Type mreal and operatormdistancehavebeenomitted; for goodreasonaswe will see.Carrier sets
can be defined as follows:

Apoint = Dpoint 0 { T} whereDpoint = realx real

Atime = Dtiﬂ? 0 {D} WhereDm: real

Aregl = reald {0}

Ampoint = {<(p1! tl; bl! Cl)’ Ty (pm1 tm, bm, CTTD> |m2 O!

(01<i<m: pj O Dpoint, ti O Dgime , b T bool, ¢; O bool),
(O, Oy omi<j O t<t)}

A few explanationsare needed.Here by “real” and “bool” we mean data types offered by a
programming language. We have introduced names for the defneaf a carrierset,e.g. Dpoint: A
moving point is represented by a sequence of quadruples. The sequermeemgyy;this will mean
that the position is undefined at all times. Each quadruple contains a pwsijpecep; anda time t;.
It also contains a flalg which tells whether the point is defined at times betvieandtj+1 (bj = true).
This allows for the representation of partial functions (of the conceptual level). Finally, there ig a fla
which stateswhetherbetweent; andtj;+1 a stepwiseconstaninterpretationis to be assumedi.e., the
point stayedin pj, did not move(c; = true), or linear interpolation,i.e., a straightline betweenp; and
Pi+1, IS to be usedc( = false). This representatiommasbeenchosenin orderto supportall classesof
applications for moving pointdl) through(5) of Section3.2.1,e.g. uniqueevents,stepwiseconstant
locations, etc.

The intendedmeaningof the structurethat we havejust describecheedsof courseto be formalized.
This is exactly the semantics of the operatime

Letr be a value of typmpointandt atime value.Let r = <(py, t1, by, €1), ..., (Pm, tm Bm CM)>
for somem = 0.

fattime (r, t) :=

ifm=0

ifm>00(t<t, Ot>t,)

ifm=10(0 0O, ..., nm: t =t)

in(p, t, p,, t,, ) ifm2200 0O, ..., m=3: (t <t<t,,)
Ob =truelc = false)

ifm=2200 0L, ..., m=-3: (t <t<t,,)
Ub =trueldc =true)

ifm=2200 0{1, ..., m=-3: (t <t<t,,)
Ob = false)

e« B~ e el
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wherelin(p, t, p,, t,, t)is afunction thatperformslinear interpolation(putsa line through
the two pointsifs, t1) and o, to) in 3D space and returns the pgirn the line at timé).

One can observe that definitions for the discretelel are considerablymore complexthanthosefor
the abstract model. On the other hand, they can be translated instrdetiaresand algorithmswhich
is not the case for the abstract model.

Apart from complexity, there are otheifficulties with discretemodeling.Supposewe wish to define
the type mreal andthe operationmdistance What is a discreterepresentatiorof the type mreal ?
Since we like linear approximations for the reasons mentiahede: the obviousanswerwould be to
use a sequence of paivalue time) and use linear interpolation betwede given values,similarly as
for the moving point. Thenan mreal valuewould look as shownin Figure 3. (For one-dimensional
values depending on time it is more natural to use a horizontal time axis.)

P

Figure 3: Discrete model of a moving real

o/’\.

>
t

If we now try to define thendistanceoperator

mpointx mpoint - mreal mdistance

we have to determine the time-dependent distance between two moving points reprepehyédess

To see what that means, imagine that through each vertex of eactvas fhalylineswe put a planet

=tj parallel to the xy-plane. In three dimensions this is hadtdw; so we showit justin the x andt

dimensions in Figure 4a. Within each plargj we can easily compute the distance; this mdultin

one of the vertices for the resultingeal value.Betweentwo adjacentplaneswe haveto considerthe

distancebetweentwo line segmentsn 3D space(seeFigure 4b). However,this is not a linear but a

guadratic function (moving along the time axis, the distance may decrease and then increase again
t A I t A

/ /
/

/ y

{

X

(@) (b)

Figure 4. (a) Laying planes through vertices of a moving point; (b) two segments passing in 3D
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This is annoying,especiallysince the minimal distancebetweentwo moving points can be much
smaller than the distance measured in any of the plargsHence usingust thesemeasurementas
vertices for the moving real artden uselinear interpolationwould leadto quite wrong results.What

can be done? One can either stick with linear interpolatimtthenadd as verticesthe focal points of

the parabolasdescribingthe time-dependentistancebetweentwo planes.In this way at least the
minimal distance would not be missed. However, then the discrete model would already be inconsit
in itself, asthe behaviorof the distancebetweenthe two polylines is not correctly representedAn
alternativewould be to definethe discretemodelfor the movingreal in sucha way, that it contains
parameters foquadraticfunctionsbetweentwo vertices.But this immediatelyraisesother questions.
Why just quadraticfunctions motivatedby the mdistanceoperation,perhapsother operationsneed
other functions?Should we allow parametergor polynomials?Up to what degree?Storing these
parameters is expensive. And all kinds of operations that we need on moving reals must theto be al
deal with these functions.

We havediscussedhis examplein somedetail to makeclearwhat kind of nasty problemsarisein
discretemodeling that we simply do not seein abstractmodeling. This is certainly not the only
examplewe will discussa similar problem below. Neverthelesspnly discretemodelsare (directly)
implementable.

3.3.3Both Levels of Modeling Are Needed

We concludethat both levels of modeling are indispensableFor the discrete model this is clear
anyway, as only discretemodelscan be implemented However,if we restrict attention directly to
discretemodels,thereis a dangerthat a conceptuallysimple, elegantdesignof query operationsis
missed.This is becausehe representationgbroblemsmight lead us to prematurelydiscard some
options for modeling.

For examplefrom the discussioraboveone might concludethat moving realsare a problemandno
suchtype shouldbe introduced.But then,insteadof operationaminvalue,maxvalue etc on moving
realsone hasto introducecorrespondingperationgor eachtime-dependenhumeric property of a
moving object. Suppose vareinterestedn distancebetweentwo moving points, speedof a moving
point, andsizeandperimeterof a moving region. Thenwe needoperatoranindistance maxdistance
minspeed maxspeedand so forth. Clearly, this leadsto a proliferation of operatorsandto a bad
design of a query language. So the better strategy is to start with a design at thele@kehteanct then
to aim for that target when designing discrete models.

3.4 Discrete Models: Observations vs. Description of Shape

Looking at the sequence of 3D points describimgoging point in a discretemodel,one may believe
thattheseare observationf the moving objectat a certainposition at a specifictime. This may or
may not be the case. Our view is thasjffirst of all, an adequatelescriptionof the shapeof a conti-
nuous curve (i.e., an approximation of that curve). We assume that the appheatmmpleteknow-
ledge about the curve, and puts into the database a discrete description of that curve.
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What is the difference to observations? Observations could medhetesdre far too many pointsin
the representationfor example,becausea linear movementover an hour happensto have been
observecdevery second Observationscould also be too few so that arbitrarily complex movements
havehappenedetweentwo recordedpoints;in thatcaseour (linear or other) interpolationbetween
thesepoints could be arbitrarily wrong. Hencewe assumethat the application,evenif it doesmake
observations, employs some preprocessing of observatnoredso makessurethat enoughobserva-
tions are taken. Note that it is quite possible that the applicatiorpadts otherthan observationgo
a curvedescriptionasit may know somephysicallaws governingthe movementsof this particular
class of objects.

The differencein view becomesvenmore striking if we considermoving regions.We require the
application to have complete knowledge about the 3D shape of a moving region so that it ¢aioenter
the database thaolyhedron(or setof polyhedra)asa good approximationln contrast,observations
could only be a sequencef regionvalues.But whereasfor moving pointsit is always possibleto
make a straightline interpolationbetweentwo adjacentpositions,thereis no way that a database
system could, in general, deduce #i@apeof a regionbetweentwo arbitrary successivebservations.
For example two observationgnay look asshownin Figure5. This regionhassplit and one of the
resulting parts has developed a hole.

t A

N\
N\

Figure 5: Two observations of a moving region

Hence,it is the job of the applicationto makeenoughobservationsand otherwisehave some know-

ledge how regionsf this kind canbehaveandthenapply somepreprocessingn orderto producea

reasonablgolyhedraldescription.How to get polyhedrafrom a sequencef observationsand what

rules must hold to guarantéeat the sequencef observationss “good enough” may be a research
issue in its own right. We assume this is solved when data are put into the database.

3.5 Discrete Models: Linear vs. Nonlinear Functions for Shape Description

In a discretanodel one candescribethe shapeof a continuouscurve (e.g.a moving point) by either
linear functions (a polyline) or other functions. In Section 3.3.2 we have explained why linear
functions are attractive, and we have used linear interpolation in the exampleliovaaler,it is also
possible to use, for example, higher order polynomials, and this has also certain advantages.

Technically, the model of Section 3.3.2 describes a moving point by a sequence of 3D poudssand
linear interpolationbetweentwo adjacentpoints. But this is entirely equivalentto a model which
decomposethe time axis into a sequenc®f time intervals,and describeghe curve within eachtime
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interval by giving (the parameterf) a linear function. That is, one interval could be describedas
([t', t"], & b, c, d), meaning that the curve within the intental [t"] is r(t) = (X(t), y(Mith x(t) = at + b,
y(t) = ct +d. Similarly, one could usein the model (and later storein a datastructure)parametersf
other functions.

Whereas in any case we are usirgexe-wiseapproximationof the curveto be describedan advan-
tageof higher-ordempolynomialscould be that less piecesare neededand that perhapsthe appro-
ximation of the curve within eachpiece (time interval) could be more precise.Also, linear appro-
ximations are a bit unnatural for describing movements. Firstly, moveimemisst casesdo not have
suddenbends.Second,if we computethe derivative of linear functions for operationslike speed
(returning armrea)) or velocity(returning armpoin), then we get stepwise constant resultedftake
the derivativeof sucha resultagain(acceleration)it is eitherQ (within time intervals) or infinite (at
interval boundaries). All of this is quite unnatural.

An interestingoption might be to allow piece-wisedescriptionby (up to) cubic polynomials.They
haveenoughparametergfour) so that one canselectindependentlytwo slopesandtwo positionsat
interval boundaries(see Figure 6). This allows one to describebendsin sucha way that the first
derivative §peedvelocity) is continuous.

« A
" X(t') =X,
o) Iy~ X()=a,
X X(t") =x",
X(t")=b
o
t' t" t

Figure 6: Fitting a curve at the boundaries of a time interval

Remember that it is the application’s task to produce a good description of the curve, hasseme
here that the application would determinetihee intervalsaswell asthe parametersvithin eachtime
interval and then put this into the database.

Whereas such a model woudifer a more naturaldescriptionof movementand speedit is not clear

into which difficulties it might lead in termsof definition of functionsfor other operationsand of
algorithms. Note that the curve so described is the “semantics” of the moving point, and all operat
haveto be formulatedin termsof the positionson that curve. For examplewe haveto computethe
mdistancebetweentwo moving points on the curves,or computethe part of the curve inside a
polyhedronfor the visits operationof Section2. As mentionedbefore,mostalgorithmsin computa-
tional geometry deal with linear shapes.

3.6 Relationship with the Constraint Database Approach

Following the seminal paper by Kanellakis, Kuper, and Revesz [KKR90, KKR9Sjptistraintdata-
baseapproachhasgaineda lot of interest,especiallyas a theoreticallywell-foundedbasisfor spatial
modellingand querying.The basicideais that a spatialobjectis a, usuallyinfinite, point setin a k-
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dimensionalspace,in other words, a possibly infinite k-ary relation. One would like to describe
manipulationof spatialobjects(e.g.., predicatespperationsof spatialdatatypes)as querieson these
infinite relationsdescribedin one of the well-studiedformalismsfor queryingrelational databases
such as relational algebra calculus.Of course directly manipulatinginfinite relationsis impossible
(quite similar to our discussion in Section 3.3); hefmuge representationare neededThe ideais to
describe the points/tuples belonging to an infinite relation foyraula of somelogical theory.Hence
a spatial object is represented as a set

{(xt, - %0 [0 (xa, -, X}

wherexy, ..., Xk are real variables occurring free in formfildFormulad is in generala disjunctionof
conjunctionsof constraintsSucha conjunctionof constraintsis called a generalizedtuple ¢ asa
whole ageneralized relationFor example, a generalized tuphay havetheform x + 2y< 3 [0x>8
which can be viewed as a generalizationof a “classical” tuple name= “Smith” [ age = 32,
describinga single point. Various classesof constraintswith different expressivepower have been
studied, for example, polynomial constraints [KKR95, PVV94] or linear (polynoroa$traintde.g.
[VGV95, GRSS97, BBC97]). Note that with linear constraints, each constraint represents a hyperp
(=) or halfspace (<, >,2=); a conjunction of constraints can represent a ppart,of a hyperplanepr

a convex polytope. Hencegeneralizedelation canrepresenbasicallyany linear shapeg.g.a union

of convex polytopes.

For queryingfor examplea symbolicrelational algebra canbe defined[GRSS97]which expresses
the classicaloperationgo be appliedto the “semantic” infinite relationsin termsof corresponding
constraint manipulationgor example,or(R) whereF is a conjunctionof constraintsjs appliedto a
generalized relatioR by conjuncting- to each tuple iR

How does this compare to the ADT approach used in spatial databases and also propogeper this
for ST databases?Vith the ADT approachpnetries to identify somebasicabstractionge.g. point,
region) and to capture them in data types. One considers operations that appear to be basi¢tpand t
maintain closure properties(e.g. union, intersectionand difference of the underlying point sets).
Topological, direction, or distance relationships are introducéal @s they seemrelevant.Semantics

of types and operations are defined using some “unrestrintattiematicahotation.Datastructures
and algorithms fothe operationsare selectedndependentlythey are not automaticallyderivedfrom

the semanticslefinition. In a systemmentioningan operationin a queryleadsratherdirectly to the
selection of a corresponding algorithm for the query plan.

In contrastconstraintdatabasesffer essentiallya single type geometryrepresente@s a generalized
relation; this type carepresentrbitrary shapesn k dimensionsThe way operationsare determined
in designsof spatial algebrasare criticized as being ad-hoc; here relational calculusor algebraare
viewed as morappropriateheoreticallywell-foundedformalisms.In designinga spatialalgebraone
can identify an operationof interest,and then describeits semanticswith essentially“unlimited
expressivgpower” (sincearbitrary mathematicxan be used);on the otherhand,the userof sucha
design is restricted to the operations offered in formulating queries. In conti@stsimaintdatabases
manipulationsare restrictedto what the given formalism offers (e.g. linear calculus or algebrain
[VGV95]). For example,one cannot expressdistance computationsor connectivity predicates
[GRS98]. But then, one has a clear picture of the expressive power of this language.
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Another aspedis that userswould like to formulatequeriesin termsof simple, naturalconceptsand
relationshipssuch as inside or adjacentrather than encodethese conceptsin operationsof the
constraint language.

Recently the trend in constraint database resdasheento acknowledgdhat certainoperationsare
neededthat cannotbe expressedn the given formalism, and to add theseas external functions
[BBC97] orprimitives[GRS98], and also to addacrooperations, which are operatioointerestat
the user level which are expressible, but complex, in the formalism.

In conclusion, it seems that the two approaches can very well augment each other. Cdatstbases
haveadvantage# their dimension-independen@nd more systematicexpressivepower. The ADT
approactoffers a clear picture of what operationsare needecat the userlevel, canoffer any kind of
operation perceived as needed, and can link these directly to efficient algorithms.

4 Related Work

For severalyearsresearcherboth in the spatialandin the temporalcommunityhaverecognizedthe
needof a simultaneoudreatmentand integrationof datawith spatialand temporalfeaturesin data-
basesA comprehensivdibliographyon spatio-temporatiatabasesntil 1994 is given in [ASS94].
Many of its articlesdocumentthe interactionof spaceand time through applicationexamples.But
nevertheless, up to now research on models for spatio-temporal databases is still in its infancy.

Most of the researcton this topic has focusedon the extensionof specializedspatial or temporal
modelsto incorporatethe other dimension.Most modelingapproachesdoptthe snapshotiew, i.e.,
represenspace-timadataas a seriesof snapshotsGadiaet al. [GCT93] proposetime- and space-
stamping of thematic attributes a methodto capturetheir time- and space-varyingalues.The time
dimensiondescribesvhenan attributevalueis valid, andthe spatialdimensionexpressesvhereit is
valid. While each value hagdwaysa temporalevolution, it is doubtful whetherit alwayshasa spatial
aspectasdiscussedn Section3.1. Worboys [W094] definesspatio-temporabbjectsas so-called
spatio-bitemporatomplexesTheir spatialfeaturesare given by simplicial complexestheir temporal
features are describdry bitemporalelementsattachedo all componentof simplicial complexesin
[CT95] and[PD95] event-base@pproaches$or ST databasesare proposed Eventsindicatechanges
of the locations and shapes of spatial objaatstrigger the creationof new versionsin the database.
All theseapproachesreonly capableof modelingdiscreteor stepwiseconstantbut not continuous
temporal evolutions of spatial data.

Yeh and CambrajyC93, YC95] emphasizesomeaspectsalso mentionedn our paper.Sincespatial
data ovettime canbe highly variable,they considera continuousview of thesedataasindispensable
and a snapshotview as inappropriate.So-called behavioraltime sequencesre introduced. Each
elementof sucha sequencecontainsa geometricvalue, a date,and a behavioralfunction, the latter
describing the evolution up to the next elemathe sequenceExamplesof suchuseror predefined
functionsare punctualfunctions,stepfunctions, linear functions, and interpolationfunctions. A 2D
object evolving in the course time is describedoy a 3D object. Boundaryrepresentatiofs usedto
represenia solid as a union of faces.While there are somesimilar ideas,they have no notion of
abstract spatio-temporal data types with operations.
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An interesting proposal that directly addresses moving olbggigenin [SWC+97]. Here a moving
object, e.g. a car or plane, is described by a so-ahjteaimic attributeA dynamicattributecontainsa
motion vectoland can describe the current status of a moving object (e.g. heading in adoedton
at a certain speed). An update to the database can change thisvecto(e.g. whena planetakesa
turn). Inthis modela querywill returndifferent resultswhen posedat different times; queriesabout
the expecteduture are also possible. This modelis gearedtowardsvehicle tracking applications;in
contrast to our proposal attributes do not contain the whole history of a moving object.

Work in constraintdatabasegenerally appliesto spatio-temporakettingsas arbitrary shapesin
multidimensionalspacescan be described.Two papersthat explicitly deal with spatio-temporal
examples and models are [GRS98, CR97].

Several papers in the GIS literature study storage schemes for stepwise chagigmeplues[Kao4,
Pr89, RYG94, BM78]. The general idea is to use a start version and then record the changes.

Some work addressespatio-temporalmodeling within multimedia documents.In [VTS97] the
assumption is that objects aextangleghat appearfor sometime relatedspatially and/ortemporally
with other objects. The temporal relationships are represented bgfaogpetratorshat apartfrom the
relationship maintain its causality. This model does not cover motion and does not adutesy or
changing object shapds [NNS97] a modelfor moving objectsin a multimediascenes proposed.
Objects are represented in terms of their trajectory, as discrete snapsteitst Abjectscomprisesa
scene represented as a graph. Edges between object nodes are labeled by spatio-temporal relatio
This modelfocuseson consideringwhole scenesand also the evolvementof relationshipsbetween
objects. It also does not address changes in the shape of objects.

Computational geometry has also shanterestin time-varyingspatialobjects.For instance [AR92,
FL91, GMR91] dealwith Voronoi diagramsof moving points. The task is to maintainthe Voronoi
diagram when a set of points is moving continuously over time.

5 Conclusions and Future Work

We haveproposeda new approacho the modelingandimplementatiorof spatio-temporablatabase
systemsbasedon spatio-temporatiatatypes.This approachallows an entirely generaltreatmentof
time-changing geometries, whether they change in discrete steps, or continuouslynHentestto
most other work itlso supportsthe modelingand queryingof moving objects.Spatio-temporatiata
types can be used to extend any DBMS dadael,andthey offer a clearimplementatiorstrategyas
extension packages to extensible DBMSs.

We feel that the paper opens up a new direction of rese&sahfirst step,it is of crucialimportance
to clarify the underlyingassumptionandto understandhe availabledesignoptions.Besidespropo-
sing the approach as such, this is the main contribution of this paper.

The next steps in this approach are the desigmabstracimodel,thena discretemodelbasedon i,
investigation of efficient data structures and algorithms for the discrete model, and implementation.
recently completedthe systematicdesign and formal definition of a system of data types and
operations at the abstract level [GBE+98]. We plan to define a pisafesignas a discretemodel.
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Our own choice is to use linear descriptions fomtipintandmregiontypes as well as for the spatial
types(line, region) but to use(squareroots of) quadraticfunctionsfor the representatiomf moving
reals.In this way we canusethe standardcomputationalyjeometryalgorithmsfor linear shapesput
haverepresentationsf time-dependentlistancesaswell as perimetersandsizesof regions,that are
consistent with the linear shapes on whiohy are based As far asthe designof datastructuresand
algorithms and implementation are concerned, similar work hasdoeerearlier for spatialdatabases
in the ROSE algebra [GS95, GRS95].
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