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Abstract
The multidimensional structures or hypercubes are commonly used in OLAP (On Line
Analytical Processing) to store and organize the data with the goal of optimizing query
response time. The multidimensional approach is based on the concept of facts or measures
analyzed with respect to various prospects or dimensions to facilitate the decision making
process. Dimensions can be seen as axis of analysis, forming a vector space in which each
cell is located by a set of coordinates. In the conventional multidimensional structures
dimensions have discrete values and are organized in different levels of hierarchies.
However, when dealing with the analysis of natural phenomena like meteorology or
pollution the discrete structures show some shortcomings. Our goal is to introduce
mechanisms, based on interpolation, to the spatial and temporal dimensions which will give
the user the impression of navigating in a continuous hypercube even though it is discrete.
Having continuous dimensions enables users to navigate in the hypercube in totally
different ways. In this paper we go over some of the concepts and research issues
associated with continuous multidimensional structures and we list some of their potentials.

INTRODUCTION
The volume of data generated by the daily operations of the different kinds of businesses
has experienced an explosive growth. Data warehouses play an important role in helping
decision makers obtain the maximum benefits of these large amounts of data. Data
warehouses are used for analysis purposes that involve examining historical data and
possibly identifying relationships that may exist between different elements Staudt et al.
(1999). Data are extracted from several sources, cleansed, customized and inserted into the
data warehouse. A data warehouse is defined as a “subject oriented, integrated, time-variant
and non-volatile collection of data in support of management’s decision-making process”
(Inmon, 1992). The most popular analysis mean is the On-Line Analytical Processing
(OLAP) which enables users to examine, retrieve and summarize data within a
multidimensional model.

The multidimensional structures are based on the concept of measures or facts and
dimensions representing the context in which these measures are analyzed. Dimensions are
organized in hierarchies composed of several levels, each representing a level of detail as
required by the desired analysis. The dimensions are usually discrete with a fixed number
of members at every level of hierarchy. The most obvious example of business data that
could be analyzed in terms of different dimensions is the sales transaction system. A chain
of stores may characterize its sales transactions by store, customer, time and product
dimensions. These dimensions are used as the axis of analysis for numerical facts such as
amount of sale, quantity sold, …etc.
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The most common models used in data warehouses are the star schema and one of its
variations (the snowflake schema and the constellation schema) (Kimball, 1996). The star
schema consists of a single fact table and several dimension tables. Every entry in the fact
table represents a single transaction and is linked with foreign keys to the fully
denormalized dimensions. Denormalization allows faster data accessing by minimizing the
cost of table joins. The dimension tables contain hierarchical description of dimensions
values. Data warehouses are queried through On Line Analytical Processing (OLAP)
applications that are characterized by their multidimensional view of data and the
interactive and navigational nature of data querying (Vassiliadis, 1998). The
multidimensional view of data considers that data is stored in cubes (sometimes called
hypercubes since an OLAP cube may contain theoretically any number of dimensions).

Conventional data warehousing deals with alphanumeric data. However, in the real world
spatial data makes a large part of data stored in corporate databases. It has been estimated
that about 80% of such data has a spatial component to it, like an address or a postal code
(Franklin, 1992). In most data warehouses, the spatial component is represented as a
dimension table in the star schema. Time, also is an important dimension of every data
warehouse and it is usually represented as discrete points of time with its appropriate
hierarchy. In applications that deal with natural phenomena, it is not possible to measure
the continuous phenomena everywhere and at every instant of time. Therefore only sample
points are used to capture data, which leads to a discrete representation of the continuous
phenomena and consequently results in discrete dimensions. The discrete dimensions may
hide important data that can be used for continuous data analysis and exploration. In our
research we deal with representing continuous spatial and temporal dimensions in the
multidimensional structures. These dimensions will have an infinite number of members at
the lowest level of their hierarchies.

The rest of the paper is organized as follows: the next section contains some of the related
works in spatiotemporal data warehousing and continuous phenomena databases. In the
section that follows, we present the concepts of continuous data warehousing then we go
over the research issues and challenges involved with it. Afterward we give some of the
potential benefits of the continuous data warehouses then we conclude the paper and give
future work to be done.

RELATED WORKS

Spatial data warehousing
The popularity of spatial information like maps created from satellite images and remotes
sensing systems has created huge amounts of data that has to be analyzed with spatial data
warehouses. The amount of work that has been done on spatial data warehousing is
considerable. Stefanovic et al. (2000) define the spatial data warehouse as a conventional
data warehouse that contains both spatial data and nonspatial data. They propose a model
that contains both spatial and nonspatial dimensions and measures and distinguish three
types of dimensions in the spatial hypercube: (1) Nonspatial dimension that contain only
nonspatial data, (2) Spatial-to-nonspatial dimension whose primitive level is spatial but
whose generalization at some higher level is nonspatial and (3) Spatial-to-spatial whose
primitive level is spatial and all of its high-level generalized data are spatial. There are also
two types of measures: Numerical measures containing only numerical values and spatial
measures that contain one or a collection of pointers to spatial objects. (Bedard, 1997)
defines the spatial OLAP (SOLAP) as a visual platform built especially to support rapid and
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easy spatiotemporal analysis and exploration of data following a multidimensional
approach comprised of aggregation levels available in cartographic displays as well as in
tabular and diagram displays. Rivest et al. (2003) present the concepts, characteristics of
SOLAP and the possible application domains. They agree with Stefanovic et al. (2000) and
differentiate three types of dimensions, non-geometric spatial dimensions, geometric spatial
dimensions and mixed spatial dimensions. The first type is used in conventional SOLAP
where nominal data is used (like the address) without associating geometry or cartographic
representation. The two other types allow the cartographic representation, visualization and
querying. Paradias et al. (2001) focus on the grouping and on the hierarchy in the spatial
dimensions since they can be numerous and unknown at design time. They propose a
method of aggregation that is a combination of spatial indexing and pre-aggregated results.
Based on several spatial aggregation algorithms a method of traversing the index to
compute group-by queries efficiently is proposed. Paradias et al. (2002) point out that the
main differences between traditional OLAP and spatiotemporal OLAP is the lack of
predefined hierarchies. Hence the positions and ranges of spatio-temporal query window do
not conform to pre-defined hierarchies and are not known in advance. They propose several
indexing solutions and develop multi-tree indexes that combine spatial and temporal
dimensions. Miquel et al. (2002) study the integration of data in spatiotemporal data
warehouse. They concentrate on modeling spatial a temporal heterogeneous data in
multidimensional structures. Two approaches were proposed to model such data, the first
by using a unique temporally integrated hypercube for all time periods and the second
approach uses a hypercube for each time period that users want to analyze. The objective is
supporting knowledge discovery through data exploration for one period of time or for
integrated data in different periods of time. Body et al. (2003) deal with the temporal aspect
of multidimensional structures and the slowly changing dimensions. A temporal model for
supporting evolutions in multidimensional structures is defined and implemented.

Data bases for continuous phenomena
Geographic information systems treat continuous phenomena differently from the way they
appear in the real world. Since data cannot be stored in computers in a continuous form,
one of the major problems in using spatial data in a data model is the mismatch between
reality, the forms of discretization used to collect and store data about continuous
phenomena and the form in which they must be used in the model. The connection between
the reality being represented and the data in the database is often very weak (Kemp, 1993).
A substantial amount of research has been done in the continuous field databases. Kemp
and Vckovski (1998) discuss the need of having an ontology of fields that explicitly
characterizes spatially continuous phenomena so that they can be consistently modeled and
completely described within the spatial databases. They argue that the appropriate ontology
is that of the classic definition of a field as a function on a domain which is a subset of
space-time. It is accurate, explicit, expressive and provides access to the full set of
mathematical tools for the characterization of fields. (Pariente, 1994) defines new
estimation methods and develops an object-oriented model for continuous fields to provide
details of the interaction between the method and the application objects. He defines the
continuous field in three elements: sample points, irregularities and statistical constraints.
(Vckovski, 1998) describes the characteristics of geographic objects, particularly
continuous fields to obtain an interoperable and distributed system. Starting from the OGIS
(OpenGIS) model he separates the field from the geometry which is defined in terms of
points, lines and polygons. (Gordillo, 2001) presents an object-oriented architecture for
modeling and manipulating continuous phenomena and fields. Continuous fields are
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defined as objects encapsulating their characteristics and the elements needed to interact
with types of objects, continuous and discrete. The work also defines a special query
language to allow natural manipulation of fields. Mostaccio et al. (2002) propose an object-
oriented architecture that includes interpolation and extrapolation methods and algebraic
operation of continuous fields. They extend (Gordillo, 2001) by including indexing
methods to allow efficient accessing and manipulation of continuous data.

To our knowledge, no work has been done to model multidimensional structures for
continuous fields phenomena.

CONTINUOUS MULTIDIMENSIONAL STRUCTURES
Conventional data warehousing is based on discrete dimensions around discrete facts.
These types of structures are adapted to and have been successfully used in many types of
applications. However, for the applications that deal with natural phenomena, like
meteorology, marine studies, pollution … etc., the discrete dimensions do not provide the
appropriate means for continuous analysis of the behavior of such phenomena. In these
cases it is essential to capture the natural spatiotemporal continuity of the phenomena. The
introduction of continuity in the spatial and temporal dimensions enables the navigation in
the hypercube at very fine levels of the axis of analysis. Starting from a conventional
hypercube we aim at giving the user the illusion that (s)he is navigating through a
continuous hypercube where there will be data values at every point in space and in time.
There will be two levels of representation: the first is a discrete representation of the data at
the implementation level and the second is the continuous representation as seen by the
user. The continuous representation is achieved by using interpolation techniques to
estimate values where no actual values exist. The continuity is considered at the lowest
level of granularity of the dimension. For example, if in the temporal dimension the lowest
level of hierarchy is the hour, then we will interpolate for values at the minute level or
lower. In addition to the continuous vision, the use of interpolation function will help at
solving the problems of missing or erroneous data at the higher levels of hierarchy.

The continuous hypercube is built as follows: the natural phenomena data is collected by
several sensors distributed over the study area. Sensors read data at different points in time
and at different intervals depending on the phenomena being measured. The readings are
stored in relational database. From the database, a discrete hypercube (internal
representation) is built that will enable multidimensional analysis. To achieve the
continuous hypercube (external representation), spatial and temporal interpolation methods
are applied to the discrete hypercube. The results can be represented as a function
consisting from both the actual values and the estimated ones (as in Figure 1).

RESEARCH ISSUES
There are several research issues that are associated with implementing continuous
multidimensional structures:

• Modeling continuous structures. The continuous multidimensional structures will be
used solely for field-based data. The existing models, star schema and its variations will
not be the adequate for model because of the nature of the data represented. Therefore a
new model that takes in consideration the spatiotemporal continuity has to be proposed.



Continuous data warehouse: concepts, challenges and potentials

161

Space of study

pollution
sensors

data base

apply spatial and temporal
interpolation methods to a

sample of data values

time

values

continuous cube
(external
representation)

discrete cube
(internal
representation)

input

output

observed
values estimated

values

Figure 1: Steps of building a continuous hypercube.

• Storage cost versus response time. One of the main objectives of the technology
OLAP is to guarantee fast responses. Thus a special consideration has to be paid to
storage optimization of these structures. There are always cells of the hypercube that
must be calculated which poses the need of a compromise between the storage cost and
the query response time. There are two options to consider: (1) store only sample points
and when the user poses a query for a non-existing value, an interpolating function is
invoked, and using a sample points the required data will be calculated on the fly and
returned. The interpolated values can be stored or cached to be used later. This option is
more efficient in terms of storage cost but is less efficient with respect to query response
time. (2) Apply the interpolation functions at the lowest levels of hierarchy and store
some of the estimated results while observed values are stored at higher levels. Since
there is less need for calculation this option gives better response time but a high storage
cost.

• Estimating none measured values. To obtain estimated values at all points of space
and time of the study area, spatial and temporal interpolation methods will be used.
These methods differ in their assumptions and complexity and should be applied based
on the modeled phenomena. We are considering two options: (1) predetermined
interpolation methods so the user has only to apply the specified method. (2) The user is
given a choice between several methods and (s)he can choose what is suitable for the
application. Both approaches can be applied in different manners (a fixed number of
observations, a predefined diameter or a combination of the two).

• Navigation in the continuous hypercube. Navigation is a term used to describe the
process employed by users to explore a cube interactively, by manipulating the
multidimensionally viewed data (Vassiliadis, 1998). The introduction of continuity
could change the results of the different operators. In addition to the continuous
dimensions there will always be discrete dimensions. The classic OLAP operators are
suitable to navigate along the discrete dimensions of the continuous hypercube,
however in the continuous dimensions these operators have to be extended and
redefined. There is also a need to add and formally describe new operators to facilitate
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the continuous navigation. As an example, the operation sum in the discrete structure
will be integration in the continuous structure.

• Data visualization. Decision makers can easily observe complex spatial relationships
when they are viewed as a map instead of a table. This emphasizes the importance of
having visual and cartographic display of data as required by the continuous structures.
The interface will be composed of two main parts as in Rivest et al. (2003): the
navigation panel and the visualization window. The navigation panel permits the user to
select measures to be viewed with respect to existing or interpolated members of
different dimensions. The visualization space will show the information in different
format: graphical or non graphical. Field based data is restored using animations with
quality indicators for observed or estimated values. Based on several factors like the
number of sample points or the interpolation method used, the quality of estimated
values will vary. Thus the user should know the reliability of the results and how close
they are to the probable observed values.

• Metadata management. Staudt et al. (1999) point out two objectives of metadata: (1)
minimizing the efforts of developing and administrating the data warehouse, (2)
improving data extraction from the data warehouse. In the new structures metadata
plays also an important role. In addition to the traditional contents of metadata, the
interpolation methods used, how they are used and their effect on the different OLAP
operations will be included in the metadata. The different output formats could be
explained in the metadata for example, explanation of functions displayed, quality
indicators and their meanings.

POTENTIAL USAGES
The continuous data warehouses will not be suitable for every type of application. It will
not make sense to have continuous spatial or temporal dimension for a data warehouse
intended for applications of discrete nature like sales or inventory. The new structures we
propose are most advantageous for the applications that deal with spatiotemporal data that
represent the behavior of natural phenomena like meteorology, pollution or oceanography.
Some of the possible uses are the analysis and exploration of health related data like the
spread of epidemics in specified geographical region. The rate of the spread of a disease
can be analyzed spatially and temporally at a very fine level of detail giving a clear
understanding of the rate at which an epidemic grows and the factors affecting it.

Another example of possible use is the analysis of catastrophes. The first example, is the
spread of forest fires. Historical forest fire data can be modeled in the continuous
hypercube. Data can be analyzed at the lowest level of spatial and temporal hierarchies with
respect to different dimension that affect the behavior of fire like the localization, the speed
of wind and the rainfall. Another application could be the analysis of oil spills. The
dispersion of the spills depend on different factors: type of spill, location, wind speed …
etc. Based on these factors historical oil spill data can be analyzed at the lowest level of
spatial and temporal hierarchies to gain new edges on how to limit the damages when
future accidents occur.

The analysis of air pollution data is one of the possible applications that can benefit from
the continuous multidimensional structures. We are working now on a prototype to analyze
the air pollution in the Parisian region which contains 8 departments. There are 43 stations
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distributed in a diameter of 100 km around Paris. These stations take hourly readings of the
concentrations of 12 types of pollutants belonging to 2 families. The structures we propose
will enable environmentalists to analyze the air pollution with respect to four different
dimensions (localization, air pollutants, time and stations) and will facilitate data analysis at
a very low level of spatial (localization dimension) and temporal (time dimension)
granularities that would not be possible with conventional data warehousing. Figure 2
shows a possible view of the interface of the prototype.

Figure 2: A preview of the prototype interface.

CONCLUSIONS AND FUTURE WORK
Data warehousing and OLAP are the corner stone of the decision support systems. We aim
at extending these structures so that decision support systems will be applicable to more
domains and in new different ways. The continuous hypercube is a structure that can be
used for multidimensional analysis and exploration of data in a continuous manner. The
user will have the means to analyze data at a very low level of spatial and temporal
granularity. By the means of interpolation functions we will provide a continuous vision of
the discrete hypercube and we will deal with the problems of missing and erroneous data.
The conventional multidimensional model need to be extended to support the
spatiotemporal continuity in terms of storage optimization and fast query responses which
is the topic we are working on right now. Then there is a need to modify the existing OLAP
operations and formally define new ones as needed.
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