Specifications for Efficient Indexing in Spatiotemporal Databases

Yannis Theodoridis Timos Sellis Apostolos N. Papadopoulos Yannis Manolopoulos

Computer Science Division

Dept. of Electrical and Computer Engineering

National Technical University of Athens

Zographou 15773, Athens, HELLAS (

GREECE )

{theodor, timos}@ cs.ntua.gr

Department of Informatics

Aristotle University of Thessaloniki

Thessaloniki 54006, HELLAS (

GREECE )

{ apapadop, manolopo}@ athena.auth.gr

Abstract : A new issue that arises in modern applications involves the efficient manipulation of (static or moving) spatial objects, and the relationships among them. As a result, modern database systems should be able to efficiently support that type of data. Towards this goal, appropriate extensions of multidimensional access methods can be exploited in order to index and retrieve spatiotemporal objects, satisfying users’ demands. This paper introduces the basic specifications such a spatiotemporal index structure should follow, evaluates existing proposals with respect to the above specifications, and illustrates issues of interest involving object representation, query processing, and index maintenance.

1. Introduction

Efficient storage and retrieval techniques for no ntraditional data, such as geo metric objects in multidimensional space, are necessar yin modern database systems. Spatiotemporal Database Management Systems

(ST DBMS), in particular, should ( i) offer appropriate data types and quer y language to support (static or mo ving) spatial data, (ii) provide efficient indexing and retrieval methods, and (iii) exploit cost models for specialized spatiotemporal operations for quer yprocessing and optimization purposes. Relevant applications include

Geographic Infor matio n Systems (GIS), T ransaction /

Valid T ime Databases, Multimedia Systems, as well as

Scientific and Statistical Databases, such as databases for medical, weather, environmental, astrophysics etc.

applications.

T he primar ygoal of an ST DBMS is the accurate modeling of the real world; that is a d ynamic world, which involves objects whose position, shape and size change over time. Real world examples include storage and manipulatio n of trajectories, fire or hurricane front mo nitor, simulators (e.g. flight simulators), weather forecast etc. For example, consider the quer y: " find the past days in which the solar magnetic wind showed patterns similar to today’s patterns over the region of

Mediterranean sea ". Worboys [28] also provides a survey of, mainlyGIS oriented, spatiotemporal applications on administrative areas, road networks, and land o wnership.

On such data sets, selection , join or nearest-neighbor queries need to be supported.

Figure 1 illustrates two real world example applications that include spatiotemporal data [22]. T he first one is taken fro mthe maritime world, where there is a need for the representation and reasoning on moving point objects; the second one co mes fro mthe environmental applications, and specificallyfro mforest fire management, where there is a need to represent and analyze regio ns that change their location over time.

Figure 1a illustrates a simplified example of two vessel trajectories (A, B) in the international water s (IW) between two countries. Assuming a navigation o n a plane surface, each trajectorycan be represented with a line object in three-dimensio nal space defined b ythe Cartesian system

( x , y , t ). T wo typical queries regarding this situatio n, which are handled as spatiotemporal join operations, are: ^ Did any vessel cross any national boundary (NB i

) on the 3rd of

July ?~ or ^ Is there any chance for a vessel collision to occur ? ~. As a second example, Figure 1b illustrates three snapshots ( F i 1

, F i 2

, F i 3

) of a burning area ( F i

) in a forest.

Assuming a fire on a plane surface (a projection of the earth sur face), the bur ning area consists of a set of regions, possiblywith holes (e.g. lakes). Each fire can be represented as a complex solid in three-dimensional space defined b ythe Cartesian system ( x , y , t ). So me typical queries regarding this situation, which are handled as

Copyright 1998 IEEE. Published in the Proceedings of SSDBM’98, July

1-3 1998 in Capri, Italy. Personal use of this material is permitted.

However, permission to reprint / republish this material for advertising or promotional purposes or for creating newcollective works for resale or redistribution to servers or lists, or to reuse anycopyrighted component of this work in other works, must be obtained from the IEEE. Contact:

Manager, Copyrights and Permissions / IEEE Service Center / 445 Hoes

Lane / P.O. Box 1331 / Piscataway, NJ 08855-1331, USA. Telephone: +

Intl. 732-562-3966.

spatiotemporal selection operations, are: ^ Did city C

1

ever burn? ~ or ^ Did fire-front of F i

ever meet river Rv? If yes, when did that happen? ~.

(a)

A

B

NB 2

IW

NB 1

(b)

Rv

C 1

Rd

Rd

F 1 3

F 1 2

F 1 1 C 2

Figure 1:

Two real world examples with spatiotemporal objects

In the literature, several spatial access methods have been proposed for multidimensio nal space without, ho wever, taking the time aspect into consideration. T hese methods are capable of manipulating points, arbitrary shaped objects (e.g. polygons), or raster data. A recent sur veycan be found in [8]. On the other hand, temporal access methods have been proposed to index valid and/or transactio n time, where space is not considered at all. A large family of access methods has been proposed to support multiver sion / temporal data [2, 11, 12, 13], by keeping track of data evolution over time (e.g. assume a database consisting of medical records, or emplo yees´ infor mation, or bank transactions, etc.). For a survey on temporal access methods see [23].

T o the best of our kno wledge, we are aware of o nly four indexing methods that consider both spatial and temporal attributes of objects, namely MR-trees and RTtrees , proposed by Xu et al. in [29], 3D R-trees by

T heodoridis et al. in [27], and HR-trees , proposed by

Nascimento and Silva in [15]. T hese approaches have the follo wing characteristics:

· 3D R-trees treat time as another dimension using a

’state-o f-the-art’ spatial indexing method, namely the Rtree [5, 9],

· MR-trees and HR-trees embed the concept of overlapping into R-trees in order to represent successive states of the database [14], and

· RT -trees couple time inter vals with spatial ranges in each node of the tree structure b yadopting ideas fro m

R-trees and T SBT trees [13].

In this paper, we stud ythe specific issues that arise when handling spatiotemporal (i.e., time-evolving spatial) objects, and differentiate the possible solutions on efficient indexing and retrieval fro mthose involving static spatial objects. Our stud y constitutes the fir st attemp t to wards a specification and classification scheme for spatiotemporal access methods ( ST AM s). T he rest of the paper is organized as follo ws: In Section 2 we discuss the mo tivation for this stud y. Section 3 describes a specificatio n and classification scheme for efficient indexing and quer yprocessing in spatiotemporal databases.

Section 4 sur veys and classifies relevant index structures proposed in the past. We conclude in Section 5, giving also directions for future wor k.

2. Motivation

In the literature, there has been a limited wor k on for malization and modeling of spatiotemporal databases.

Moreover, different background o f researchers (temporal versus spatial databases) has usually led to different (and possiblyinco mpatible) definitions. A primitive classificatio n, for example, distinguishes between discrete and continuous modeling. In the rest o f the paper, we adopt the follo wing (discrete) definition for spatiotemporal objects .

Definitio n : A spatiotemporal object o (declared byits identification number o_id ) is a time-evolving spatial object, i.e., its evolution (or histor y) is represented b ya set of triplets ( o_id , s i

, t i

), where s i

is the locatio n of object o_id at instant t i

( s i

and t i

are called space-stamp and time-stamp , respectively).

According to the above definitio n, a two -dimensional point- (no n-point) time-evolving object is represented bya line (solid) in three-dimensional space. Figure 2 illustrates two examples: (a) a moving point and (b) a mo ving regio n

( mpoint and mregion , respectively, according to the ter minologyproposed in [7]). In this paper we stud yspace of dimensionality d = 2. Ho wever, 3- or, in general, d - dimensional spatial objects could be supported in a similar way.

One of the tasks to be supported byan ST DBMS is the efficient indexing and retrieval of spatiotemporal objects.

T his task demands robust indexing techniq ues and fast access methods for a wide set of possible queries on spatiotemporal data. As an obvious solution to the problem, one could use an off-the-shelf access method for spatial data, such as the R-tree [5, 9] or the Quadtree [20].

Ho wever, several issues arise when attempting to consider spatiotemporal objects as three-dimensio nal spatial objects and manipulate them b yusing conventio nal methods fro m the spatial database literature, as will be discussed later.

(a) x

y

t

(b) x

y

t

Figure 2:

2-dimensional time-evolving spatial objects

( i) data sets supported

For all applications it is important to kno wbeforehand the nature of the data. As a first classification, a spatiotemporal database consists of time-evolving point or region objects.

A region data type implementation co uld support both point- and non-point objects, since points could be treated as zero-sized regions.

(ii) valid vs. transaction time

T wo separate time dimensio ns for database facts have been addressed in temporal database literature [10]: transaction time (i.e., time when the fact is current in the database and maybe retrieved) and valid time (i.e., time when the fact is true in the modeled reality). An ST DBMS would support one or even both time dimensio ns. T hus we distinguish among three cases: valid-time (also called historical ), transaction-time (also called rollback ), and bitemporal databases, and respective indexing methods are also classified according to the above taxono my.

Apart fro mthe above taxonomy, spatiotemporal databases can be characterized with respect to (a) the mobilityo f the database and (b) the batch or dynamic loading of data.

(iii) database mobility

T here are cases where the cardinality of the database is static over time, but database objects may change their location. An example includes a militar yapplication where the positions of certain ships have to be monitored over time. T he reverse one (i.e., the cardinality changes over time but the locations of all spatial objects stored in the database remain static) is also a case of interest. For instance, consider a sequence of maps using points to sho w the seismic activityo f a region. In a third case, both the database cardinalityas well as the objects’ location may var ywith time. All these cases are of interest for the

spatiotemporal databases (obviously, the remaining one, where a database consists of a fixed number of no n timeevolving objects, can be manipulated with conventional database approaches).

(iv) loading of data

Orthogonal to the above classification is the issue of bulkor dynamically- loaded databases. In other words, we distinguish between applications with current time-stamp s t i

bulk-loaded in the database (and no update in past instants be allo wed) and applications with d ynamic insertio ns / updates of objects’ time-stamp s allo wed (not applicable, ho wever, to transaction-time databases). T he design of an efficient ST AM also depends on the above classificatio n for the database of interest.

It is well kno wn that there exist two great families o f spatial indexing methods, namelyR-trees [5, 9] and

Quadtrees [20]. Both structures have been incorporated into several prototype or commercial DBMS (e.g.

Oracle8 T M Spatial Data Cartridge, Illustra T M Spatial

Datablade Modules) and GIS software. We argue that (a) specific representations o f spatial and temporal attributes of time-evolving spatial data, and (b) specific access o n data to support queries of interest are necessar yextensio ns to those methods for ST DBMS purposes:

(v) approximations of moving objects

R-trees and variants approximate spatial objects bytheir

Minimum Bounding Rectangles (MBRs) in order to construct the spatial index. Altho ugh the representatio n of spatiotemporal objects bytheir MBRs has been alread y adopted to represent multimedia objects for authoring purposes [27], it is an inefficient solutio n due to the nature of moving objects. In other words, since objects are mo ving around in the work space, their three-dimensional

MBRs usuallyinclude a vast amo unt of dead space, a fact that undoubtedlylead s to extremelylar ge and overlapping data rectangles, which in tur n leads to inefficient indexing.

Figure 3 illustrates this case, where a point object mo ves fro mpoint A to point B . It is evident that the corresponding MBR covers a large portion of the data space, thus leading to high o verlap and therefore to small discrimination capability of the index str ucture.

W

\

[