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1 Introduct ion 

Temporal databases and spatial databases have 
long been separate, important areas of database re- 
search, and researchers in both areas have felt that there 
are important connections in the problems addressed by 
each area, and the techniques and tools utilized for their 
solution. Many papers in temporal databases conclude 
with phrases such as "the ideas in this paper may be 
extended to spatial databases." Similarly, many papers 
in spatial databases suggest that techniques developed 
for spatial databases apply to temporal databases, by 
restricting attention to one dimension only. But so far 
relatively little systematic interaction and synergy 
among these two areas has occurred. CHOROCHRONOS 
aims to achieve exactly this kind of interaction and syn- 
ergy, and aims also to address the many real-life prob- 
lems that require spatiotemporal concepts that go be- 
yond traditional research in spatial and temporal data- 
bases (support moving objects is a good example of the 
latter [Wo197, Wo198, GBE+98]). 

Spatiotemporal database management systems 
(STDBMSs) can become an enabling technology for 
important applications such as Geographic Information 
Systems (GIS), environmental information systems, and 
multimedia. As a step towards the realization of this 
technology, CHOROCHRONOS was established as a 
Training and Mobility Research Network with the ob- 
jective of studying the design, implementation, and 
application of STDBMSs. Similar efforts that study 
spatiotemporal information have occurred under the 
auspices of the National Center for Geographic Infor- 
mation and Analysis in the United States. 

The CHOROCHRONOS participants are established 
research groups in spatial and temporal database sys- 
tents, most of which have so far been working exclu- 
sively on spatial or temporal databases. CHORO- 
CHRONOS enables them to collaborate closely and to 
integrate their findings in their respective areas. The 
network has the following main objectives. 
• To stimulate research in the areas of spatial and tem- 

poral databases. 

• To allow researchers working on spatial and tempo- 
ral databases to improve their understanding of each 
other's work, to integrate their results, and to avoid 
duplication of work. The design and partial imple- 
mentation of an STDBMS architecture will result. 

• To allow researchers working on temporal and spa- 
tial databases to cooperate with researchers from 
other disciplines that are faced with spatial and tem- 
poral information and that would benefit from spa- 
tiotemporal database technology. 

To achieve these objectives, CHOROCHRONOS pur- 
sues an extensive research program, covering issues 
related to the ontology, structure, and representation of 
space and time; data models and query languages for 
STDBMS; graphical user interfaces for spatiotemporal 
information; query processing algorithms, storage 
structures and indexing techniques STDBMSs; and 
architectures for STDBMSs. The participants also or- 
ganize workshops with the participation of researchers 
from other disciplines faced with temporal and spatial 
information. 

The network is coordinated by Timos Sellis (Na- 
tional Technical University of Athens); more informa- 
tion about the network and its activities can be found at 
http://www.dbnet.ece.ntua.gr/-choros. 

The remainder of this paper provides an overview 
of the research pursued within CHOROCHRONOS and 
presents results of the project. The following section 
gives a brief outline of the research activities. Section 3 
concerns contributions to the area of spatiotemporal 
data modeling. Section 4 discusses storage structures, 
indexing, and query processing; and Section 5 covers 
spatiotemporal database architectures. Section 6 offers 
conclusions. 

2 Overview of  Research in CHOROCHRONOS 

2.1 Introduction 
Put briefly, a spatiotemporal database is a database 

that embodies spatial, temporal, and spatiotemporal 
database concepts, and captures simultaneously spatial 
and temporal aspects of data. Figure 1 summarizes this 
view. 
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Spatiotemporal 
concepts 

Figure 1 
All the individual spatial and temporal concepts 

(e.g., rectangle or time interval) must be considered. 
However, attention focuses on the area of intersection, 
which is challenging, as it represents inherently spatio- 
temporal concepts (e.g., velocity and acceleration). In 
spatiotemporal data management, the simple aggrega- 
tion of space and time is inadequate. Simply connecting 
a spatial data model to a temporal data model will re- 
sult in a temporal data model that may capture spatial 
data, or in a spatial data model that may capture time- 
referenced sequences of spatial data. 

Rather, the temporal characteristics of spatial ob- 
jects (i.e., how entities evolve in space) must be inves- 
tigated in order to produce inherently spatiotemporal 
concepts such as unified spatiotemporal data structures, 
spatiotemporal operators (e.g., approach, shrink), and 
spatiotemporal user-interfaces. 

2.2 Research Objectives 
The main technical goal of this network is to study 

the issues involved in the design and implementation of 
an STDBMS. To achieve this goal, we carry out re- 
search covered by the following six tasks. 
• Task 1: Ontology, Structure, and Representation of 

Space and Time. This task involves the study of 
temporal and spatial ontologies, including their in- 
terrelations and their utility in STDBMSs. In addi- 
tion, structural and representational issues as they 
have been articulated in spatial and temporal data- 
base research are considered in order to obtain a 
common framework for spatiotemporal analysis. 

• Task 2: Models and Languages for STDBMSs. The 
focus is here on three topics: (i) the study of lan- 
guages for spatiotemporal relations, (ii) the devel- 
opment of models and query languages for spatio- 
temporal databases, and (iii) the provision of design 
techniques for spatiotemporal databases. This work 
builds on previous proposals and covers relational 
and object-oriented databases. 

• Task 3: Graphical User Interfaces for Spatiotempo- 
ral Information. Research in this task has two 
goals: (i) the integration and extension of the par- 
ticipants' expertise in graphical interfaces for tem- 
poral and spatial databases, and (ii) the develop- 
ment of better visual interfaces for specific applica- 
tions (e.g. VRML for time-evolving spaces). 

• Task 4: Query Processing in Spatiotemporal Data- 
bases. Techniques for the efficient evaluation of 
queries are the focus of this task. These studies 
cover a variety of optimization techniques, ranging 
from algebraic transformations to efficient 
page/object management. 

• Task 5: Storage Structures and Indexing Tech- 
niques for Spatiotemporal Databases. This task in- 
volves the comparison of existing storage and ac- 
cess structures for spatiotemporal data and is ex- 
pected to lead to novel structures that enhance the 
most promising existing structures. 

• Task 6: The Architecture of  an STDBMS. The re- 
search activities outlined above are being carried 
out with a broader goal in mind: the development of 
an architecture for an STDBMS. 

After this brief outline of the research areas pur- 
sued in CHOROCHRONOS, we proceed to give more de- 
tailed descriptions of some of these areas. 

3 Spatiotemporal Data Model ing  
In this section we address some issues involved in 

the ontology of spatial entities as well as the ontology 
of space itself, and issues corresponding to the devel- 
opment of conceptual and logical models, along with 
respective languages, for spatiotemporal data. 

3.1 Ontological Issues 
Regarding the ontology of spatial entities, in order 

to model change in geographic space, a distinction is 
made between life (the appearance and disappearance, 
and merging and splitting of objects) and motion (the 
change of location over time) of objects. At its outset, 
this research identified and investigated prototypical 
situations in the life and movement of objects in geo- 
graphic space. Particular focus has been on the life and 
movement of socio-economic spatial units. 

A formal model of object lifestyles has been de- 
veloped, in which the notion of  lifestyle is applied to 
cover a variety of changes that an object or a group of 
objects can undergo through time [Me99b]. The possi- 
ble temporal constructs are formalized using the 
Haskell programming language. These constructs, when 
combined, have enough expressive power to represent 
very complicated worlds of change [Me99a]. 

Regarding the ontology of  space, a region-based 
ontology of geographic space was proposed. Spatial 
objects are located at regions in space. The concept of 
exact location is a relation between an object and the 
region of space it occupies. Spatial objects and spatial 
regions have a composite structure, i.e., are made up of 
parts. The ways in which parts of objects are located at 
parts of regions of space are captured by the notion of 
part location. Since there are multiple ways for parts of 
spatial objects to be located at parts of regions of space, 
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multiple part location relations are identified, and a 
classification of part location relations is provided. 

The notion of rough location [Bi99] concerns the 
location of spatial objects at sets of regions of space 
that form regional partitions of space. Rough locations 
are characterized by sets of part location relations that 
relate parts of objects to parts of partition regions 
[Bi97]. A rough location can be considered an ap- 
proximation of an exact location in terms of part loca- 
tion in a regional partition, i.e., as an approximation of 
the exact region of an spatial object in terms of this 
region's relations to a set of regions forming a regional 
partition. 

Rough locations can be modeled formally by rough 
sets or by relationship mappings. Given the approxi- 
marion view of rough location, operations on relation- 
ship mappings can be defined that can be used to ap- 
proximate operations on regions of space. For example, 
pairs of minimal and maximal operations on relation- 
ship mappings approximate union and intersection op- 
erations on regions of space [BS99, Bi98]. 

The work on ontology is coordinated by the group 
at the Technical University of Vienna. 

3.2 Models and Languages 
Models and languages for spatiotemporal database 

systems is a central activity in CHOROCHRONOS, as it 
serves as the basis for several other tasks (for example 
query processing and indexing). In this area, several 
aspects of spatiotemporal data modeling are covered: 
logical data models (Section 3.2.1), conceptual data 
models (Section 3.2.2), and ECA rules (Section 3.2.3). 
Special emphasis has also been put into issues relating 
to the representation of uncertain information (Section 
3.2.4). 

3.2.1 New data models for spatioteraporal informa- 
tion 

This research may be divided into two categories: 
a) research initiated in the project that focuses on 
tightly integrated spatiotemporal support, and b) previ- 
ously initiated efforts that have dealt mainly with tem- 
poral aspects, but are being extended to also cover spa- 
tial aspects. We consider in turn research in each cate- 
gory. 

An important effort led mainly by the group at 
FernUniversi~t Hagen, focused on identifying the main 
requirements for a spatiotemporal data model and a 
spatiotemporal DBMS. Based on a data o,pe approach 
to data modeling, the concept of moving objects has 
been studied [EGSV97, EGSV98]. This has led to a 
research plan consisting of several steps leading from 
data model specifications (at two different, abstract 
levels) to implementation aspects. We have also inves- 
tigated the basic properties of spatial, temporal, and 
spatiotemporal data types. Having specified mappings 

between different data type models and their relational 
DBMS embeddings, a precise landscape of the models' 
relative expressive powers has been drawn in [ESG98]. 
Finally, a concrete spatiotemporal data model for 
moving objects has been provided. Here the focus is on 
a systematic classification of operations on relevant 
data types that facilitates a highly generic specification 
and explanation of all types and, in particular, of the 
operations on them. A detailed description of this 
model, including formal specifications of the types and 
operations is presented in [GBE+98] along with exam- 
pies demonstrating the data model in action. 

A significant effort in the area of models and lan- 
guages deals with the use of constraint database mod- 
els. These models constitute a separate direction that 
CHOROCHRONOS researchers are exploring in modeling 
spatiotemporal information. The Verso database group 
at INRIA has been working on DEDALE, a prototype 
of a constraint database system for spatiotemporal in- 
formation [GRS98a, GRSS97]. DEDALE is imple- 
mented on top of the 02 DBMS and features graphical 
querying. DEDALE offers a linear-constraint abstrac- 
tion of geometric data, allowing the development of 
high-level, extensible query languages with a potential 
for optimization, while allowing the use of optimal 
computation techniques for spatial queries. It was also 
shown in [GRS99] that the complexity of manipulating 
data of higher dimension depends not so much upon 
the global dimension, which as it is well known consti- 
tutes an exponential factor, but upon the orthographic 
dimension. In particular, in the context of spatiotempo- 
ral data (dimension 3) [GRS98b] developed techniques 
to represent it with an orthoga'aphic dimension 2, thus 
leading to an efficient evaluation of queries. 

Also in the context of constraint database models, 
researchers at UMIST have studied the role of spatial 
and temporal constraints in STDBMS [SK98b]. The 
efforts here concentrate on the development of a new 
spatiotemporal constraint-based database model. This 
model is based on the linear constraint database model 
of DEDALE and the indefinite temporal constraint da- 
tabase model (ITCDB) previously proposed in 
[SK98b]. 

Other research teams pursue research in the second 
category of models and languages, i.e. extending the 
relational ones. The team at Aalborg has continued 
previous research on temporal query languages. First, a 
framework consisting of temporal relations and alge- 
braic operations on these has been provided, within 
which query language properties, e.g., the notion of 
snapshot equivalence, the reducibility of algebraic op- 
erators, and the notions of point-based and interval- 
based semantics have been studied formally [BBJ98]. 
This framework may be generalized to cover also spa- 
tial aspects. Second, the core of an SQL-based lan- 
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guage, STSQL, has been proposed [TJS98]. This lan- 
guage generalizes previous proposals by permitting 
relations to include multiple temporal as well as spatial 
attributes, and it generalizes temporal query language 
constructs, most notably statement modifiers, to apply 
to both the spatial and temporal attributes of relations. 
Because space and time are captured by separate attrib- 
utes, the STSQL is intended for applications that do not 
involve storing the movement of continuously moving 
objects [BJS98]. 

Another approach is pursued by UMIST. This 
group has developed the TAU system, which offers a 
formal, integrated framework for developing temporal 
object databases [KT96a, KT96b, KT96c, KT96d, 
ST97a, ST97b, ST97c]. TAU is being extended to sup- 
port also spatiotemporal data. TAU is fully upward 
compatible with the ODMG de-facto standard. It pro- 
vides a rich set of temporal modeling constructs; tem- 
poral querying facilities; and a temporal modeling, 
analysis, and design methodology. TAU offers a set of 
tools that can extend any ODMG-compliant ODBMS 
with support for the concepts defined in TAU and pro- 
vide temporal object query services in the syntax of 
TOQL. The main components of the TAU system are: 
the TAU Library that provides a set of built-in temporal 
literal types, the TODL compiler for specifying tempo- 
ral database schemas in the syntax of TODL, and the 
TOQL compiler for supporting TOQL queries. TAU 
ensures design and source code portability across mul- 
tiple platforms. 

3.2.2 Conceptual modeling 
The work on spatial and temporal conceptual mod- 

eling extends the participants' previous work on tempo- 
ral and spatial data modeling.. Spatial modeling as- 
peels, e.g., the representation of objects' "position" in 
space, as well as temporal modeling aspects, e.g., the 
capture of the valid time of objects' properties, have 
been studied; and resulting new modeling constructs 
have been applied to existing conceptual models such 
as the ER model. Furthermore, the structure and be- 
havior of so-called spatiotemporal phenomena (e.g., a 
"storm") have been investigated, and a formal frame- 
work with a small set of new modeling constructs for 
capturing these during conceptual design, has been de- 
fined [TH97a, TH97b, TJ98, Try98]. 

3.2.3 ECA rules 
Research has been initiated aiming at the modeling 

of interactive spatiotemporal configurations using 
ECA (Event-Condition-Action) rules [VTS96, VTS98, 
MPSV98, BMP98], The ECA rule model can represent 
efficiently all the features of novel application domains 
(VRML data, video data, etc.) such as interaction, con- 
straints/conditions, and spatiotemporal actions to be 
taken [KVS97]. The Event part of a rule represents a 

piece of interaction in terms of event(s) (simple or 
composite) that will trigger the actions included in the 
Action part of the rule, given that the constraints in the 
Condition part of the rule hold. 

3.2.4 Imprecision and uncertainty in spatiotemporal 
information 

Work in this area has focused on the problem of 
representing indefinite (or imprecise) temporal infor- 
mation. In previous research, researchers from Politec- 
nico di Milano have proposed the TSOS model for rep- 
resenting imprecise temporal information, emphasizing 
in particular temporal constraints on data, defined at 
schema level; applications have been proposed in the 
area of office information systems and traffic control. 
Subsequently, in cooperation with the University of 
Turin, the LaTeR approach has been proposed to spec- 
ify imprecise temporal data (both quantitative and 
qualitative) and to reason about such data by using the 
STP constraint reasoning approach [BCPT97]. In re- 
cent work, the LaTeR temporal reasoner has been inte- 
grated with a commercial relational database, in which 
imprecise times are stored, and extensions of relational 
algebra operations are defined to formulate queries on 
the temporal relational database. The semantics and 
properties of the extended relational algebra with tem- 
poral operators have been studied [BCPT97]. The ap- 
proaches of TSOS and LaTeR are being extended and 
applied in CHOROCHRONOS tO the design of interactive 
multimedia scenarios [MPSV98]. 

Similar issues have been studied at UMIST for the 
ITCDB model. Calculus and algebra query languages 
have been defined for ITCDB, and the complexity of 
query answering has been studied in detail [Kou97a]. 
There is also considerable theoretical work on tractable 
classes of linear constraints, and experimental work on 
backtracking algorithms for disjunctive temporal con- 
straints [Kou96, Kou97b, CJK97, SK98a]. 

Finally, modeling issues related to uncertain spa- 
tiotemporal data have been examined at the National 
Technical University of Athens. By adopting fuzzy set 
methodologies, a general spatial data model has been 
extended to incorporate the temporal dimension of 
geographic entities and their uncertainty. In addition, 
the basic data interpretation operations for handling the 
spatial dimension of geographic data have been ex- 
tended to also support spatiotemporal reasoning and 
fuzzy reasoning. 

4 Storage Structures, Indexing Techniques 
and Query Processing 
Having given a brief overview of the data model- 

ing efforts undertaken in CHOROCHRONOS, this section 
concentrates on efforts to develop techniques for the 
efficient implementation of the proposed data models 
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and languages. 

4.1 Storage Structures and Indexing 
Substantial efforts have been devoted to the study 

of storage structures and indexing. In particular, (a) 
efficient extensions of spatial storage structures to sup- 
port 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 sup- 
port the retrieval of data based on the spatiotemporal 
extents of the data. To achieve this, existing multidi- 
mensional access methods need to be extended. Work 
has been done in this area as well; specifically, ap- 
proaches that extend R-trees and quadtrees are reported 
in [TVS96] and [TVM98], respectively, along with 
extensive experiments on a variety of synthetic data 
sets. 

Work on benchmarking issues for spatiotemporal 
data was initiated in [TSPM98], which introduced basic 
specifications that a spatiotemporal index structure 
should satisfy, evaluated existing proposals with re- 
spect to the specifications, and illustrated issues of in- 
terest involving object representation, query process- 
ing, and index maintenance. As a second step, a 
benchmarking environment that integrates access meth- 
ods, data generation, query processing, and result 
analysis was proposed. A platform for evaluating spa- 
tiotemporal query processing strategies has been de- 
signed and implemented and has been already used for 
evaluating spatial join strategies [PRS99]. The "A La 
Carte" environment also provides benchmarking fea- 
tures for spatial join operations [GOPSS98]. 

As regards spatial structures, efficient spatial ac- 
cess methods based on hierarchical regular decomposi- 
tion of the space for images containing multiple non 
overlapping [NP97] or overlapping [MNPP98] features 
were proposed. Bulk operations, in particular bulk 
loading but also bulk insertions and join operations, are 
inefficient if carried out by repeatedly calling opera- 
tions for individual items; a generic bulk loading algo- 
rithm for spatial and also non-spatial indexes has been 
proposed in [BSW97]. This method is asymptotically 
optimal, since it achieves the runtime of external sort- 
ing. 

Concerning temporal structures, overlapping B ÷- 
trees were used for transaction-time indexing in 
[TML98]. An asymptotically optimal B-tree supporting 
transaction time was proposed in [BGO+96]. Taking 
the R-tree as its outset, the GR-tree [BJSS98a] permits 
the data regions it indexes and the bounding regions 
inside the tree to expand with the passing of time and 
indexes in this way efficiently general bitemporal data 
(i.e., data with both valid and transaction time support). 
An Informix DataBlade is available that implements the 

tree [BSSJ99]. The 4R-tree provides a well-performing, 
light-weight alternative to the GR-tree [BJSS98b]. 

A very 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 geo- 
graphic information system ViRGIS [Paj98, POS+98] 
that holds the geographic data on a central database 
server and interactively loads and selectively displays 
the graphical information over the internet. In this con- 
text, speed limitations, as given by the network, re- 
quired the use of multi-resolution techniques and new 
image compression methods [PW96]. The system can 
be used for many practical applications, e.g., visualiz- 
ing a flight path of an airplane or for placing antennae 
on a terrain [BES+98]. 

With reference to distributed data structures, a 
solution has been defined for scaleable data structures 
for multi-dimensional points. Such a structure is able to 
dynamically enlarge with the insertion of new points 
distributing the load over the network and supports 
exact, partial, and range queries [NBP98]. In a dy- 
namic, distributed scalable data structure, the coordi- 
nation among clients that access and manipulate the 
data is a fundamental ingredient, without which not 
even correctness, let alone efficiency, can be achieved. 
We studied the basics of distributed coordination, 
pointed out the limits of what can be achieved, and 
proposed efficient distributed coordination mechanisms 
[Wat98, WW98a, WW98b]. 

Distributed networks in which spatiotemporal in- 
formation is shared among many processors were stud- 
ied with respect to fault tolerance. The concept of 
swapping a failing edge with a best possible replace- 
ment was introduced in [NPW98a]. This concept has 
since been studied for a number of important network 
features, such as the diameter, the radius, or the length 
of a shortest path [NPW98b]. The distribution of a lin- 
ear quadtree representing raster data on a disk array 
towards reduced response times of user queries was 
addressed in [NPM97]. 

The support of multi-user access in a distributed 
system creates severe efficiency problems already with 
classical data structures. An approach to solve these 
problems by interleaving the operations was presented 
by [LSW97, SW97]. In the context of spatial data 
structures, particular theoretical problems related to 
space-filling curves [ARR+97], binary space partitions 
[BFG+96], and spatial join scheduling [NW97b] have 
been solved satisfactorily. 

Two lines of research, the application-oriented 
discipline of geographic information systems and the 
technical discipline of geometric computation, in par= 
ticular geometric algorithms and spatial data structures, 
will have significant practical impact in the near future. 
A state-of-the-art compendium on algorithmic founda- 
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tions of geographic information systems was presented 
by [KNRW97], and a recent survey of spatial data 
structures can be found in [NW97a]. As a first result, a 
new basic data structure for GIS that is based on Voro- 
noi diagrams for moving points [AGMR98] has been 
proposed in [GRR98]. 

4.2 Query Processing 
Work on query processing and optimization has 

focused on (a) the development of efficient strategies 
for processing spatial, temporal, and inherently spatio- 
temporal operations, (b) the development of efficient 
cost models for query optimization purposes, and (c) 
the study of temporal and spatial constraint databases. 

In [TPSS98] it was argued that expressing spatial 
operations, required by different application domains, 
is possible through a set of window searches, so that 
their execution could be supported by the available 
spatial indexing techniques. When the availability of 
index structures is not guaranteed, incremental algo- 
rithms have been proposed to support join operations 
for time-oriented data [PJ98]. Regarding the execution 
of inherently spatiotemporal operations, the basic 
classes of spatiotemporal operations required by differ- 
ent application domains involving the representation 
and reasoning on a dynamic world were defined 
[VTS98]. 

For query optimization purposes, analytical models 
that estimate the cost (in terms of node or actual page 
accesses) of join [TSS98], nearest-neighbor [PF98, 
PF99], and similarity [PM97a] queries involving R-tree 
indexed spatial data were introduced. Also, earlier 
analytical models for selection queries [TS96] were 
used as a platform to support direction relations (e.g., 
north, northeast) between two-dimensional objects 
[TPSS98], and the problem of parallel and distributed 
similarity search was studied in a shared-nothing multi- 
computer architecture, where an R-tree is declustered 
among the sites of the network [PM97b, PM98, PM96]. 

Finally, in the DEDALE system, we are develop- 
ing query optimization techniques based on query re- 
writing that exploit the constraint representation, which 
allows to alternate between various modes of evalua- 
tion: lazy, symbolic, arithmetic, geometric, etc. The 
orthographic dimension, is used to rewrite queries in 
any dimension to a combination of queries in 2 dimen- 
sions. 

5 Architectures 
In database technology, many different system 

architectures have been proposed and are used in sys- 
tems dealing with spatial and temporal data. Each has 
its particular strength and weaknesses. The most obvi- 
ous system architectures are the ones proposed as being 
specially useful in spatial only and temporal only sys- 
tems. Five possible architectures are presented next. 

5.1 Standard Relational, Object Oriented or Object 
Relational DBMS with Additional Layer 
A first possibility is to implement a spatiotemporal 

layer on top of a standard relational, object oriented or 
object relational DBMS. One can distinguish between 
two different approaches. 

The 'thin layer' approach focuses on exploiting, as 
much as possible, the DBMS data model in order to 
handle spatial and temporal data. Concepts such as ab- 
stract data types are used whenever possible. 

The 'thick layer' approach emphasizes the middle- 
ware aspects. The DBMS is primarily used as a persis- 
tent object store. 

While query processing in the thin layer approach 
is done in the genetic component using genetic con- 
cepts, in the thick layer approach, tailored application 
specific query processing is done in the additional 
layer. This is similar to the support of application ob- 
ject services known from middleware layers. Both ap- 
proaches make it possible to offer data models and 
query languages that are different from those supported 
by the underlying generic component. 

5.2 Combination Architecture 
Very similar to the layered architecture is the com- 

bined 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 spatial and temporal 
data and indexes. While this approach allows to exploit 
different pre-existing components possibly specialized 
for spatial or temporal data handling, it also introduces 
the problem of coordinating different independent sub- 
systems. In particular, the query optimization task 
across different subsystems is non-trivial. As in the 
layered architecture, the combination architecture can 
distinguish between a thick-layer and a thin-layer ap- 
proach. 

5.3 Extensible DBMS 

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 proc- 
essing into the DBMS kernel. Extensible DBMS have 
been developed and implemented in research proto- 
types [HCL+90, SRH90, SPSW90], and they have be- 
come commercially available. 

Figure 2 shows a general extensible DBMS archi- 
tecture; the shaded boxes represent new components. 
One possible spatiotemporal system architecture is to 
use one of these systems and extend it with spatiotem- 
poral components. The project participants at Hagen 
and ETH have own prototype implementations of ex- 
tensible DBMS with special properties that make them 
particularly interesting in a spatiotemporal context. 
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Figure 2: The General Extensible Architecture 

5.4 The Secondo Architecture 
Secondo [GFB+97, DG99] represents an approach 

to build extensible database systems based on a for- 
realism for describing such systems called second- 
order signature (SOS) [Gut93]. In SOS, one can define 
a "logical" DBMS data model and a query algebra, a 
representation model with a query plan algebra 
("physical algebra"), and optimization rules to translate 
from the former to the latter. As a result, it is possible 
to construct a generic DBMS system frame that can be 
filled with implementations of a wide range of data 
models. Another main idea is to structure the execution 
system as a collection of algebras. For example, a rela- 
tion representation with access operations, an index 
structure with search operations, a package of join al- 
gorithms, or a set of data types for a special application 
would each be implemented as an "algebra module." 
Secondo strives to offer simple and well-structured 
interfaces for "users" wishing to implement such alge- 
bra packages. Hence, Secondo could be a good envi- 
ronment for implementing packages of spatiotemporal 
data types, or spatiotemporal access methods. The 
shaded boxes in Figure 3 represent such algebra pack- 
ages. 

I 

I 

I 
Figure 3: The Secondo Approach 

5.5 The CONCERT Architecture 
CONCERT [BRS96] focuses on physical database 

design aspects in the context of extensible systems. One 
of the main difficulties in implementing a new compo- 
nent for a standard extensible system is its integration 

with the built-in query processing engine. Instead of 
allowing arbitrary extensions, CONCERT provides a set 
of basic physical design possibilities with their corre- 
sponding query processing strategies. Extensions are 
built by defining relationships to the built-in physical 
design concepts. 

A useful aspect of CONCERT in the context of spa- 
tiotemporal data is its ability to integrate non-database 
repositories such as legacy application systems or 
WWW servers into its query processing architecture. 
This makes it possible to exploit existing subsystems in 
a way similar to the combination architecture. On the 
other hand, the effort to be made coordinating the sub- 
systems complicates the system design. Figure 4 gives 
an overview of CONCERT. 

I I I 
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Figure 4: The CONCERT Approach 

6 Conclusions 
In this paper we presented CHOROCHRONOS, a 

European research project in spatiotemporal databases. 
Throughout the two and a half years that have passed 
since the beginning of the project, significant progress 
has been achieved in several areas. These include the 
understanding of the requirements of spatiotemporal 
applications, data models, indexing structures, query 
evaluation, and architectures for STDBMSs. 

Although CHOROCHRONOS has made significant 
progress, much work remains to be done before an 
STDBMS may become a reality. Until the end of our 
project, we intend to concentrate on efficient imple- 
mentations of the proposed data models, more work on 
indexing and query optimization, and on experimenta- 
tion with the alternative architectures proposed. We 
welcome other database researchers to join us in these 
exciting efforts! 
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