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Abstract. Many data objects in the real world have attributes about location and time.
Such spati otempord objects can be found in applications such Geographic Information
Systems (GIS), environmental data management and multimedia databases. Traditional
relationa database technology is not suitable for managing spati otempora data, which
are multi-dimensional with complex structures and behaviors. Spatiotemporal data can
only be managed by new generation of data management technologies such as object-
oriented and object-relational databases. In this paper, we present a comprehensive
survey covering aspects from fundamental user requirements for spatiotemporal
applications, spatiotemporal object modeling, object storage structures and techniques
for manipulation of spatictempora objects such as multidimensional indexing, data
structures, query evaluation strategies and architectures for Spatiotemporal Database
Management Systems (TDBMS).

1. Introduction

Many data objects in the real world have attributes about location and time. For example a
database about sea turtles records the location and time data for turtles that carry radio
transmitters. Other examples include tracking vehicles with globa positioning systems, mobile
phone users within mobile phone networks, and environmental changes over time. Traditional
relational database technology is not suitable for managing spatiotempora data, which are
multi-dimensiona with complex structures and behaviors. Queries such as finding number and
species of turtles which are within certain areas during a time period cannot be efficiently
answered by pure relational technologies. Such queries involving spatid and tempora
relationships need to be supported by new types of database architecture, new object storage
structures, multidimensional indexing mechanisms, and query evaluation strategies. Object-
oriented and object-relational databases hold grest promises to storage and manipulation of
complex objects such as spatiotempora data

In the past, research in spatial and temporal data models and database systems has mostly been
done independently. Spatial database research has focused on supporting modding and
querying of the geometry associated with objects in a database. Several spatial access methods
(e.g, transformation, overlapping regions, clipping or multiple layers) have been proposed in the
literature for storing multi-dimensional object (e.g. points, line segments, areas, volumes, and
hyper-volumes) without considering the notion of time. A survey by Gaede and Guenther [35]
on spatid access methods provides excdlent information sources. On the other side, temporal
database have focused on extending the knowl edge kept in a database about the current state of
the red world to include the past, in the two senses of transaction time and valid time.
Transaction time is defined as the time when a fact is stored in the database. Vdid time is
defined as the time when a fact becomes effective (valid) in reality. Temporal access methods
have been proposed to index data varying over time without considering space at dl.

A temporal DBMS (database management system) would support at least one of these types of
time. Depending on the time dimension(s) supported, we distinguish among three temporal
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DBMSs: vdid-time (in the past called historical), transaction-time (in the past called rollback),
and bi-temporal databases. A transaction-time database records the history of a database activity
rather than real-world history. As such, it can “rollback” to one of its previous states. Since
previous transaction times cannot be changed (every change is stamped with a new transaction
time), there is no way to change the past. A valid-time database maintains the entire tempora
behavior of an enterprise as best known now. It stores our current knowledge about the
enterprise's padt, current, or even future behavior. If errors are discovered in this tempora
behavior, they are corrected by modifying the database. When a correction is applied, previous
values are not retained. It is thus not possible to view the database as it was before the
correction. A bi-temporal database combines the features of the other two types. It more
accurately represents reality and allows for retroactive as well as post-active changes. Indexing
methods are also classified according to the above taxonomy. A wide range of access methods
has been proposed to support multi-version/tempora data by keeping track of data evolution
over time. For excellent recent surveys by Betty Salzberg and Vassilis J. Tsotras on temporal
access methods see[3].

These databases both are important areas of database research. So many researchers in both
areas have fdt that there are important connections in the problems addressed by each area and
the techniques and tools utilized for their solution. Since both deal with “dimensions’ or
“spaces’ of some kind, and that an integration fidd of “spatiotemporal databases’ should be
studied and would have important applications. We can find many papers in temporal databases
conclude with phrases such as “the ideas in this paper may be extended to spatid databases.”
Similarly, many papers in spatid databases suggest that techniques developed for spatial
databases apply to temporal databases, by restricting attention to one dimension only. But so far
relativey little systematic interaction and synergy among these two areas have occurred.

There are many important applications of the spatiotemporad database management systems
(STDBMSs). Some of them can be seen in Geographic Information Systems (GIS),
environmenta information system and multimedia. There are also many applications that are
created the data that managed by spatiotempora database system and changes over time. For
example globa change (asin climate or land cover changes), transportation (traffic surveillance
data, intelligent transportation systems), socia (demographic, health, etc.), tel ecommunications
(mobile phones), multimedia (animated movies) applications and so on. For example, in the
University of Hong Kong they have developed a dynamic video database management system
caled MOOVIS (Manager of an Object-Oriented Video Information System) that recognizes
the composite structure of multimedia data objects. At the heart of the system is a sophi sticated
object-oriented data modeling system described as a Conceptual Clustering Mechanism (CCM),
which is a compromise between a strongly typed data modd that alows inheritance and a
weakly typed data modd that provides flexible facilities for updating objects.

Put briefly, a spatiotemporal database is a database that embodies spatia, tempord, and
spatiotemporal database concepts, and captures simultaneously spatid and temporal aspects of
data. All the individual spatia and temporal concepts (e.g., rectangle or time interval) must be
considered. However, atention focuses on the area of intersection, which is challenging, as it
represents inherently spatiotemporal concepts (eg., vdocity and acceeration). In
spatiotemporal data management, the simple aggregation of space and time is inadequate.
Simply connecting a spatial data model to a temporal data mode will result in atemporal data
mode that may capture spatid data or in a spatid data mode that may capture time referenced
sequences of spatid data. Rather, the temporal characteristics of spatial objects (i.e, how
entities evolve in space) must be investigated in order to produce inherently spatiotemporal
concepts such as unified spatiotemporal data structures, spatiotempord operators (eg.,
approach, shrink), and spatiotempora user-interfaces.

Spatiotemporal databases deal with geometry changing over time. In general, geometry cannot
only changein discrete steps, but continuously, for moving objects. If only the position in space
of an object is rdevant, then "moving point" is a basic abstraction; if aso the extent is of
interest, then the "moving region" abstraction captures moving as well as growing or shrinking



regions. We propose a new line of research where moving points and moving regions are
viewed as three-dimensional (2D space + time) or higher-dimensional entities whose structure
and behavior is captured by modding them as abstract data types. Such types can be integrated
as base (attribute) data types into relational, object-oriented, or other DBMS data models; they
can beimplemented as data bl ades, cartridges, etc. for extensible DBMSs.

In this paper, requirements for a spatiotempora application environment are discussed in
section 2. In section 3, the spatid, temporal and spatiotemporal concepts are presented and
analyzed, and forma expressions are given. Section 4 introduces models and languages in
spatiotemporal databases. Section 5 discusses storage structures, indexing techniques and query
processing. Section 6 discusses architectures of STDBMS. We conclude this paper in Section 7.

2. Spatiotemporal Applications

2.1 Three Typesof Spatiotemporal Applications

Spatiotemporal applications can be categorized three different type [18] according to the type of
data they manage:

« Applications may involve objects with continuous motion; for example, a navigational
system manages moving objects. In this type of application, objects change position, but not
shape. For example, a “car” moves in a road network, but its shape remains unchanged
(That isnormal case, we don’t consider car accidents.) [6].

« Applications dealing with discrete changes of and among objects. These applications
involve objects located in space, whose characteristics, such as shape, as well as their
position may change discretey in time. For example, “landparcels’ or “rivers’ change
positions in cadastral information system, or neighboring “landparcels’ change ther
common border, but these changes occur only discretely.

« Applications may manage objects integrating continuous motion as well as changes of
shape. For example, in environmental application, a ‘storm’ is measured as a moving
phenomenon, which changes properties (e g., intensity) and shape over time.

In acadastrd system, Spatiotemporal objects may evolve as follows:

- During census year 1980, the system records that landparcd A has common borders with B
and river R runs through both A and B. Landparcel A has soil type “clay,” while B has soil
type “forest.”

- In 1990, landparce A was split into A and A”. Landparcel B has soil type “high-density
forest” and A” has soil type “sparse forest.”

- In 1995, river changed its position and become R” [18].

11:1980 12:1920 13:1995

Similarly, in a navigational system (e.g., fleet management), vehicles equipped with GPS
devices transmit their positions to a computer using either radio communication links or cellular
phones. At the central site, the datais processed and utilized. The queries are as follows:



* Whatistheexact position of taxi v intime t, given its previous positionat time t’?
*  Whichtaxi is closest to customer A?
e Whatisoptimal taxi distribution over the area (somewhat related to pick up per area)?

«  Compute the optimal route for aride, considering road characteristics such as the actual and
theoretical speed limits, congestion, accidents, etc.

From these examples it is clear that spatiotemporal information management poses new
modeling requirements. So in the next part we give a set of Spatiotemporal modeing
requirements [ 7] and take some exampl es from the above three application categories.

2.2 Spatiotemporal Modeing Requirements

Based on theoretical research [32] as well as applied experience the following set of
spatiotemporal requirements, a the modding level, is drawn by D. Pfoser and N. Tryfona at
reference [7]:

«  Need for representation of objects with position in space and existencein time.

* Nead to capture the change of postion in space over time. Depending on the type of
application we are interested, two different changes of position matter: (a) continuous
change, which results into motion. For example, in a navigational system the continuous
change of a “vehicle s’ position. (b) discrete change, such as the change of the shape of
objects over time An example taken from a cadastral system reflects this need: a
“landparcel” has a position in space at some point in time. When it changes shape (eg., a
new part of land is attached to it) its position changes.

« Nedd for the definition of attributes of space (spatial attributes) and organization of them
into layers or fields. Spatial attributes can be visuaized as continuous (e.g., “temperature’)
or asdiscrete (“soil type’).

* Need to capture the change of spatial atributes over time. Changes-like changes of
positions, previously-can be discrete (eg., changes on a map of “landparcds’) or
continuous (change of “temperature’).

»  Need to connect spatial atributes to objects. For example, alandparce has “soil type’ as an
attribute. The “soil type’ is an attribute of space and landparcels inherit part of it.

* Need for the representation of spatid relati onships among objects in time.

* Need for the representation of relationships among spatial attributes in time. For example,
the“soil type’ isaresult of the combination of the “acidity’ and the“corrosively” of soil.

« Need to specify spatiotempord integrity constraints, imposed either by the user, or by the
designer for the integrity of the database.
3. Conceptsof A Spatiotemporal Environment

Now we discuss concepts involved in a spaiotemporal datebase environment via the users
requirements presented above. To start with, let’sreview the definitions of a database

A database is a collection of objects 0, , which represent part of the real world entities. We will
assume that each object 0, bd ongs to an object class O. . An object class O, is characterized by
a st of properties or attributes, Aj. Each attribute A| has a domain D(A}). Domains are

implemented by data types. So, each object in a database instance has a set of attribute values,
each belonging to the domain of the corresponding attribute of the object class. A database is



called spatial, temporal, or spatiotemporal if it manages spatid, temporal, or spatiotemporal
concepts, respectively.

3.1 Spatial Concepts

The Space can be seen as a set. The elements of space are called points, while finite sets of
points (i.e, subsets of space, which can be point, lines or regions) are called geometric figures.
Many different sets will do for space, but for practical reasons, spaceis mode ed as a subset of
R? or R®in current spatia applications.

The objects in real world are located in Space. In specific application environments, objects
position in space matters and these objects are called spatial objects. For example, a moving
“car” inanavigational system has position, aswell asa“landparcd” in acadastrd system.

Objects have attributes that characterize them. Spatid objects have, apart from descriptive
attributes, also spatia attributes: for example, “vegetation” of a “landparcd”. Vaues of spatid
attributes depend on the referenced position and not on the object itself. If the spatial object
“landparcel” changes position, then the value of “vegetation” will change. More specificaly,
Spatial attributes are properties of space, and spatial objects located in specific positions inherit
parts of these attributes. However, not all spatia objects have spatid attributes; this depends in
the application requirements. For example, no spatial attribute can be assigned to a moving

“car”, while many (e.g., “vegetation”, “soil type’) can be assigned to a“landparce”.

Spatid attributes refer to the whole space and can be represented as layer (or fidds)
representing one theme (i.e., thematic maps). A layer L is a representation of a spatia attribute
or alayer is a set of geometric figures (which can be points, lines, regions or combinations of
them) with associated values.

There are two basic types of layers: (a) those representing functions with continuous range; for
example, “temperature’, or “erosion”, and (b) those representing functions with range of
discrete values; for example, “vegetation” represented as set of regions.

3.2 Temporal Concepts

We assume a linear ordered time line, isomorphic to a finite subset of the natural numbers. The
elements of this set aretermed chronons.

When talking about timein databases, we refer to the tempora aspects of the red world that can
be captured in the database. In literature the temporal aspects of transaction time and valid time
are of foremost importance. We have been introduced them in section 1 (Introduction).

Two basic modes of time are used to record facts and information of a database: time points
and time intervals. A time point t, is considered as one chronon, whileatimeinterval [t,,t..],

with t,,t_ timepoints and k < m, has duration and is defined as set of chronons. Time points

k?**m
and time interval's can record (or, represent) valid or transaction time. Finally, we define atime
period as a set of time points, time intervals or any combination thereof. There are two basic
facts for which we want to record time: events and states. An event occurs a an exact time
point, i.e., an event has no duration. Example events are a “car crash”, “sunrise” etc. A stateis
defined for each chronon in a time interval, hence it has a duration. For example, a “exam”
takes place from 10am until 1pm.

3.3 Spatiotemporal Concepts
We combine the concepts of spatial and temporal by simply recording the spatid view (i.e,

objects and layers) in time (time point and time interval); get a new result: spatiotemporal
concepts.



Spatiotemporal
Concepts

Spatial

| Temperal

Concepts Concepts

For a moving “vehicle’ in a route network we can record its “new” position in time points
t,,t,,...,t,. In the same way, as a “landparcel” changes its shape (e.g., fgsplit, expanded etc),
we capture snapshots of such spatial object intime.

Recording a spatid object in atime interval is translated into capturing its evolution over time.
Depending on the type of change, different spatiotemporal concepts are involved: (a) if the
change is continuous, the motion of objectsis captured. (b) if the change is discrete, the changes
of objects are captured, through this time interval. The discrete changes of an object during a
timeinterva can be seen as snapshots of that object, taken in time points of thistime interval.

If we record an object in time of the same time period, we capture versions of that object; in
other words, versions of an object, are related (through its identity) snapshots of it. However, we
may want to record specific appearances of an object in some time points of a time period,
without relaing them to previous or next ones. In this case, the result is snapshots of the object.

Recording a layer in atime point results into taking snapshots of it. For example, the recording
of the “vegetation” (of an area of interest) in May 5, 1990 gives a specific vegetation map of
that area.

Recording a layer in a time interval is trandlated into capturing its evolution over time.
Depending on the type of change, we deal with different spatiotemporal concepts: (a) if the
change is continuous, it is understood as phenomenon. So, we refer to the continuous change of
a layer as phenomenon. (b) if the change is discrete, we capture changes of the layer, through
the time interval. The discrete changes of a layer during a time interval can be seen as
snapshots of it, taken in time points of thistimeinterval.

If we record a layer in time points of the same time period, we capture versions of that |ayer.
Again, alayer in aspecific time point of thetime period is a snapshot. Finally, observing alayer
intime-intervals of atime period results into observing a phenomenon, or discrete changes of it.

The following table shows all the combinations of the spatia and temporal domain, resulting in
the new, spatiotempora, concepts of snapshot, change, motion, version and phenomenon [7].

Spatid object Layer
Time point Snapshot Snapshot (temporal layer)
Timeinterval Motion Phenomenon

Change Change
Time period Snapshot Snapshot

Version Version

Motion Phenomenon

Change Change

Table 1. combining spatid and temporal concepts.




4. Modelsand Languagesin STDB

Research in the modd s and languages for spatiotemporal database systems may be divided into
two categories: (a) research that focuses on tightly integrated spatiotemporal support, and (b)
previously initiated efforts that have dealt mainly with temporal aspects, extended to a so cover
spatial aspects. An important effort focuses on identifying the main requirements for a
spatiotemporal data model and a spatiotemporal DBMS. Based on a data type approach to data
modeling, the following concept of abstract models for moving objects has been studied in
reference [10].

4.1 Absract Models

The Abstract modds allow us to make definitions in terms of infinite sets, without worrying
whether finite representations of these sets exist. This alows us to view a moving point as a
continuous curve 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 7 are
functions over an infinite domain, hence each valueis an infinite set.

This abstract view is the conceptual moded that we are interested in. The curve described by a
plane flying over space is continuous; for any point in time there exists a vaue, regardless of
whether we are able to give a finite description for this mapping (or reation). In an abstract
model, we have no problem in using types like “moving real”, nreal and operations like
mdistance, since it is quite clear that a any time some distance between the moving points
exists (when both are defined).

So abstract mode's are conceptually simple and their semantic can be defined relatively easily.
Again, this smplicity is due to the fact we admit definitions in terms of infinite sets and
functions without worrying whether finite representations exist.

The only trouble with abstract modes is that we cannot store and manipulate them in
computers. Only finite and in fact reasonably small sets can be stored; data structures and
algorithms have to work with distance (finite) representations of the infinite point sets. From
this point of view, abstract models are entirely unrealistic; only discrete models are usesble

This means we somehow need di screte models for moving points and moving regions aswell as
for all other involved types (mreal, region....). We can view discrete modd s as approxi mations,
finite descriptions of the infinite shapes we are interested in. In spatid databases there is the
same problem of giving discrete representations for in principle conti nuous shapes; there a most
always linear approximations have been used. Hence, aregion is described in terms of polygons
and a curve in space (e.g ariver) by a polyline. Linear approximations are attractive because
they are easy to handle mathematically; most algorithms on computational geometry work on
linear shapes such as rectangles, polyhedra, etc. A linear approximation for a moving point is a
polylinein 3D space; alinear approximation for amoving regionisaset of polyhedra. Note that
a moving point can be a partid function, hence it may disappear a times, the true for the
moving region.

4.2 Conceptual Modd: the ER Mode

Spatid and tempora conceptual modeling extends previous work on temporal and spatid data
modeling. Spaia modeling aspects, e.g., the representation of objects' “position” in space, as
well astemporal modeling aspects, e.g., the capture of the valid time of objects’ properties, have
been studied, and resulting new modeing constructs have been applied to existing conceptual
mode! s such as the ER moddl.

Furthermore, the structure and behavior of so-caled spatiotemporal phenomena (eg., a
“storm”) have been investigated, and a forma framework with a small set of new modeling
constructs for capturing these during conceptual design, has been defined as following.



The Spatio-Temporal ER (STER) [18] modd includes constructs with built-in spatial, temporal,
and spatiotemporal functionality. The construct that captures a temporal aspect is called
temporal; if it has built-in support only for a spatid aspect, it is termed spatial; and if it has
both, it is spatiotemporal.

While all basic constructs of the ER model can have spatia and/or temporal extent, not all types
of time can be assigned to each construct. There is a semarntic explanation for this. existence
timeindicates the existence of “something,” and this has only meaning for identifiable ontol ogy
or, in other worlds, entities (or objects). An entity set may be given attributes that describe the
properties of the set’s entities. In the ontology, we stated that valid time is meaningful only for
facts. When assigning valid time to an attribute of an entity set, we indicate that the valid times
of the facts, tha entities in the set are associated with specific values for this atribute, are to be
captured in the database. The same applies to attributes of relationship sets in place of entity
sets. Finaly, valid time may be assigned to a relationship set, indicating that the time when each
relation in the set is true in the miniworld is to be captured in the database. Transaction time
appliesto any “dement” stored in the database, regardiess of whether or not it may be ass gned
atruth value. So unlike valid time, transaction time applies to entity sets.

421 STSQL Language

Based on SQL language, the STSQL has been proposed in reference [4]. This language
generalizes previous proposds by permitting relations to include multiple temporal as well as
spatia attributes, and it generalizes temporal query language constructs, to apply to both the
spatial and temporal attributes of relaions. Because space and time are captured by separate
attributes, STSQL is intended for applications that do not involve storing the movement of
continuousy moving objects.

Findly, modeling issues related to uncertain spatiotemporal data need to be examined. By
adopting fuzzy set methodologies, a general spatial data model can be extended to incorporate
the tempora dimension of geographic entities and their uncertainty. In addition, the basic data
interpretation operations for handling the spatial dimension of geographic data have been
extended to also support spatiotemporal reasoning and fuzzy reasoning. Some work has been
initiated in this direction [6].

5. Storage Structures, Indexing Techniqguesand Query Processing

We have given a brief overview of the data modeling efforts. This section concentrates on
efforts to develop techniques for the efficient implementation of the proposed data models and

|anguages.

5.1 Storage Structuresand Indexing

Substantid efforts have been devoted to the study of storage structures and indexing. In
particular, (a) efficient extensions of spatial storage structures to support motion have been
proposed. (b) benchmarking issues have been studied, and (c) research on purely spatial or
temporal structures has been continued.

Modern DBMSs should be able to efficiently support the retrievd of data based on the
spatiotemporal extents of the data. To achieve this, existing multidimensional access methods
need to be extended. Work has been done in this area as wdl; specificaly, approaches that
extend R-trees and quadtrees are reported in [30] and [33], respectively, along with extensive
experi ments on avariety of synthetic data sets.

Work on benchmarking issues for spatiotemporal data was initiated in [31], which introduced
basic specifications that a spatiotemporal index structure should satisfy, evaluated existing
proposas with respect to the specfications, and illustrated issues of interest involving object



representation, query processing, and index maintenance. As a second step, a benchmarking
environment that integrates access methods, data generation, query processing, and result
analysis was proposed. A platform for evaluating spatiotempora query processing strategies has
been designed, implemented and used for evaluating spatial join strategies [1].

As regards spatid structures, efficient spatia access methods based on hierarchical regular
decomposition of the space for images containing multiple non-overlapping or overlapping
features were proposed. Bulk operations, in particular bulk loading but also bulk insertions and
join operations, are inefficient if carried out by repeatedly calling operations for individual
items; a generic bulk loading agorithm for spatid and also non-spatiad indexes has been
proposed in [14]. This method is asymptotically optimal, since it achieves the runtime of
externa sorting.

Concerning temporal structures, overlapping B*-trees were used for transaction-timeindexingin
[34]. An asymptoatically optima B-tree supporting transaction time was proposed in [2]. Taking
the R-tree as its outset, the GR-tree permits the data regions it indexes and the bounding regions
inside the tree to expend with the passing of time and indexes in this way efficiently general bi-
temporal data (i.e, datawith both valid and transacti on time support). An Informix DataBladeis
available that implements the tree. Up to now, the four spatiotempora indexing methods has
appeared in the literature 3D-trees, MR-trees and RT-trees, and HR-trees. These approaches
have the following characteristics:

- 3D R-trees treat time as another dimension using a state-of-the-art spatia indexing method,
namely the R-tree,

- MR-trees and HR-trees use overlapping in R-trees to represent successive states of the

database, and

- RT-trees couple times interval s with spatia ranges in each node the tree structure by adopting
ideas from R-trees and TSB-trees.

All these methods are extensions of the R-tree, which is based on the conservative
approximation principle’, i.e. spatial objects are indexed by considering their minimum
bounding rectangles (MBRs). (MBRs are the most common approximations in spatia
applications.) These methods are not suitable for representing regiona data, in cases wherealot
of empty (“dead”) spaceisintroduced in the MBRs, sincethis face decreases the index ability to
prune space and objects during atop-bottom traversal.

Overlapping is a technique used in access methods to combine consecutive instances into a
single structure by not storing identical sub-structures. This way, space is saved without
sacrificing time performance. There is an efficient indexing and retrieval method for regional
data and describe the design and implementation of a new structure: Overlapping Linear
Quadtrees [33]. This structure is based on linear quadtrees which are enhanced by using the
overlapping technique in order to avoid storing identical sub-quadrants of successive instances
of image data evolving over transaction time. Experimentation with synthetic region data shows
that considerable storage is saved in comparison to independent linear quadtrees, in the case of
similar consecutive images.

The structure of Overlapping Linear Quadtrees presents small differences from the structure of
overlapping B'trees. The former structure has an auxiliary substructure, a binary table that
keeps the set of quadtrees of the last image version. Besides, a disk page may host a number of
consecutive B'tree leaves. On the other hand in the latter structure there is a direct
correspondence between pages and leaves, assuming that each leaf entry is accompanied with
extra data rd ated to it. Nevertheless, Overlapping Linear Quadtrees are used in a completely

different context than overlapping B™ trees: they do not store ordinary numeric data, but they
store quadcodes that represent image parts and they are used for answering temporal window
gueries. Therefore, this structure can be used in spaiotemporal databases to support query
processing of evolving images.



A vey natural way to operate on a GIS is by direct interaction via a walk-through user
interface. We have proposed and implemented the virtual reality geographic information system
ViRGIS [25] that holds the geographic data on a central database server and interactivity |oads
and sdlectively displays the graphicd information over the Internet. In this context, speed
limitations, as given by the network, required the use of multi-resolution techniques and new
image compression methods [20]. The system can be used for many practical applications, e.g.,
visualizing aflight path of an airplane or for placing antennae on aterrain [16].

The support of multi-user access in a distributed system creates severe efficiency problems
already with classical data structures. An gpproach to solve these problems by interleaving the
operations was presented by [15,9]. In the context of spatial data structures, particular
theoretical problems related to space-filling curves, binary space partitions, and spatia join
scheduling have been solved satisfactorily.

Two lines of research, the application-oriented discipline of geographic information systems
and the technical discipline of geometric computation, in particular geometric algorithms and
spatial data structures, will have significant practica impact in the near future. A state-of-the art
compendium on agorithmic foundations of geographic information systems was presented by
[17], and a recent survey of spatia data structures can be found in [19]. As afirst result, a new
basic data structure for GIS that is based on Voronoi diagrams for moving points [11] has been
proposed in [5].

5.2 Spatiotemporal Query Processng

Work on query processing and optimization has focused on (@) the development of efficient
strategies for processing spatia, temporal, and inherently spatiotemporal operations, (b) the
development of efficient cost modes for query optimization purposes, and (c) the study of
temporal and spatia constraint databases.

In [36] it was argued that expressing spatid operations, required by different application
domains, is possible through a set of window searches, so that their execution could be
supported by the available spatid indexing techniques. When the availability of index structures
is not guaranteed, incrementa a gorithms have been proposed to support join operations for
time-oriented data. Regarding the execution of inherently spatiotemporal operations, the basic
classes of spatiotemporal operations required by different application domains involving the
representati on and reasoning on a dynamic world were defined.

For query optimization purposes, anayticad models that estimate the cost (in terms of node or
actual page accesses) of join [29], nearest neighbor [24], and similarly [23] queries involving R-
tree indexed spatia data were introduced. Also, earlier analytical models for selection queries
were used as a platform to support direction (e.g., north, north-east) between two-dimensional
objects [36], and the problem of paralld and distributed smilarity search was studied in a
shared-nothing multi-computer architecture, where an R-tree is decl ustered among the sites of
the network [21,22].

In [21] it was proposed a technique which is based on a careful investigation of the currently
available data in order to exploit parallelism up to a point, retaining low response times during

query processing. The underlying access method is a variation of the R -tree, which is
distributed among the components of a disk array, whereas the system is simulated using event-
driven s mulation. The performance results conducted demonstrate that the proposed approach
outperforms by factors a previous branch-and-bound a gorithm and a greedy algorithm, which
maximizes paralelism as much as possible.

In [22] it was deveoped an efficient query processing strategy for paralld nearest neighbor
finding, assuming a shared nothing multi-processor architecture, where the professors
communicate via a network. In this method, the rdlevant sites are activated simultaneously. In
order to achievethis goal, satistical information is used. The efficiency measureis the response



time of a given query. Experimental results, based on real-life and synthetic datasets, show that
the proposed method outperforms the branch-and bound method by factors.

6. STDBMS Architectures

In database technology, many different system architectures [28] have been proposed and are
used in systems dealing with spatial and tempora data. Each has its particular strength and
weaknesses. The most obvious system architectures are the ones proposed as being especially
useful in spatia only and temporal only systems. Three possible architectures are presented
next.

6.1 Standard Relational with Additional Layer

A first possihility is to implement a spatiotemporal layer on top of a standard relational, object
oriented or object relational DBMS. One can distingui sh between two different approaches. The
‘thin layer’ approach focuses on exploiting, as much as possible, the DBMS data mode in order
to handle spatial and temporal data. Concepts such as abstract data types are used whenever
posshle The ‘thick laye’ approach emphasizes the middle-ware aspects. The DBMS is
primarily used as a persistent object store.

While query processing in the thin layer approach is done in the generic component using
generic concepts, in the thick layer approach, tailored application specific query processing is
done in the additional layer. Thisis similar to the support of application object services known
from middle-wear layers. Both approaches make it possible to offer data models and query
|anguages that are different from those supported by the underlyi ng generic component.

6.2 Combination Architecture

Very similar to the layered architecture is the combined architecture that also uses a standard
DBMS as its basis. In addition, other storage components (such as a file system) are used to
store the spatid and temporal data and indexes. While this approach allows exploiting different
pre-existing components possibly specialized for spatid or tempora data handling, it also
introduces the problem of coordinating different independent sub-systems. In particular, the
query optimization task across different sub-systems is non-trivid. As in the layered
architecture, the combination architecture can distinguish between a thick-layer and athin-layer
approach.

6.3 ExtensbleDBMS

Instead of only allowing implementing on top of the DBMS, extensible systems permit the
integration of new system components such as data types, access methods, storage structures,
and low-level query processing into the DBMS kerndl. Extensible DBMS have been devel oped
and implemented in research prototypes [13,27,26], and they have become commercialy
available.

One of the possible spati otempora system architecture isto use one of these systems and extend
it with spatiotemporal components. The project participants & Hagen and ETH have own
prototype implementations of extensible DBMS with special properties that make them
particularly interesting in a spati otempord context.

Secondo [12,8] represents an approach to build extensible database systems based on formalism
for describing such systems called second-order signature (SOS). In SOS, one can define a
“logical” DBMS data modd and a query plan agebra (“physical dgebra’), and optimization
rules to trand ate from the former to the latter. As aresult, it is possible to construct a generic
DBMS system frame that can be filled with implementati ons of awide range of datamodels



CONCERT focuses on physical database design aspects in the context of extensible systems.
One of the main difficulties in implementing a new integration with the built-in query
processing engine. Instead of allowing arbitrary extensions, CONCENT provides a set of basic
physical design possihilities with their corresponding query processing strategies. Extensions
are built by defining relationshipsto the built-in physical design concepts.

A useful aspect of CONCERT in the context of spatiotempora data is its ability to integrate
non-database repositories such as legacy application systems or WWW servers into its query
processing architecture. On the other hand, the effort to be made coordinating the sub-systems
complicates the system design.

7. Conclusions

We have presented the phase of requirement analysis for spatiotemporal applications and
addressed some key spatia, temporal and spatiotemporal concepts. We dso have presented
survey on research results on the data modes, indexing, structures, query evauation, and
architectures for spatiotemporal data management.

Modern database systems such obj ect-oriented and object-relational databases should be ableto
efficently support type of data. Towards this goal, appropriate extensions of some existing
multi-dimensional access methods can be exploited in order to index and retrieve
spatiotemporal objects, satisfying user’s demands. So efficient storage and retrieval techniques
for nontraditional data, such as moving objects in a multi-dimensional space, are necessary in
modern database systems.

An STDBMS should offer appropriate data types and query language to support (static or
moving) spatial data, provide efficient indexing and retrieval methods, and exploit cost modd s
for speciaized spatiotemporal operations for query processing and optimization purposes. In
this paper we have conducted a comprehensive review of studies in these areas. Such areview
provides a solid foundation towards solving spatiotempora data management problems using
new generation of obj ect-oriented database technol ogies.
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