                                 M odeling M ultidimensional Databases, Cubes and Cube Operations

Panos Vassiliadis

                                                                                                          National Technical University of Athens

                                                                          Abstract

              On-Line Analytical Processing (OLAP) is a trend in

database technology, which was recently introduced and

has attracted the interest of a lot of research work.

OLAP is based on the multidimensional view of data,

supported either by multidimensional databases

(MOLAP) or relational engines (ROLAP).

              In this paper we propose a model for

multidimensional databases. Dimensions, dimension

hierarchies and cubes are formally introduced. We also

introduce cube operations (changing of levels in the

dimension hierarchy, function application, navigation

etc.). The approach is based on the notion of the base

cube, which is used for the calculation of the results of

cube operations. We focus our approach on the support

of series of operations on cubes (i.e. the preservation of

the results of previous operations and the applicability of

aggregate functions in a series of operations).

              Furthermore, we provide a mapping of the

multidimensional model to the relational model and to

multidimensional arrays.

1. Introduction

              In recent database trends, data warehouses  come to

fill a gap in the field of querying large, distributed and

frequently updated systems. Most researchers and

developers share the same general vision of what a data

warehouse is [19], [3]. Data are extracted from several

data sources, cleansed, customized and inserted into the

data warehouse. The logical structure and semantics of

the data, or else Enterprise Model , is stored in an

Information Directory . Next, the data warehouse data

can be filtered, aggregated and stored in smaller

specialized data stores, usually called data marts . Users

query the data marts and/or the data warehouse, mostly

through On Line Analytical Processing  (OLAP)

applications. The main characteristics of such

applications are (a) multidimensional view of data, and

(b) data analysis, through interactive and/or navigational

querying of data [6].

              The m ultidimensional view of data considers that

information is stored  i n  a multi -dimensional array

(sometimes called a Hypercube , or Cube ) . A Cube  is a

group of data cells arranged by the dimensions of the

data [13]. A dimension  is defined in [13] as "a structural

attribute of a cube that is a list of members, all of which

are of a similar type in the user’s perception of the data".

Each dimension has an associated hierarchy of levels  of
aggregated  data i.e. it can be viewed from different levels

of detail (for example, Time  can be detailed as Year,

Month,  Week,  or  Day ). Measures  (which are also known

as variables ,  metrics , or facts ) represent the real

measured values [6].

To motivate the work describing this paper, let us

use a running example of a bookstore company. When

considering the sales of this company, three are the major

dimensions: Time , Geography  and Item , while we

consider Sales  as the measure of the multidimensional

cube. The dimensions, along with their dimension levels

are depicted in Figure 1, where the upper levels of each

hierarchy point to the lower levels:

Geography
Region Country City

Item
Category Type Product

Time
Year Month Day

Sales
Sales

Week

Figure 1. Di mensions an d  dimension levels

Consider, now, the way dimension level hierarchies

are instantiated in the real world (we consider the

instantiation for dimension Time , to be obvious):

Category Type Product

Books Literature ^Report to El Greco~ N. Kazantzakis

^Karamazof brothers~ F. Dostoiewsky

Philosophy ^Zarathustra~, F. W. Nietzsche

^Symposium~, Plato

Music Heavy

Metal

^Piece of Mind~, Iron Maiden

^Ace of Spades~, Motorhead

Figure 2. Ite m di mension

Region Country City

Europe Hellas Athens

Rhodes

France Paris

Asia Israel Tel Aviv

Japan Tokyo

Figure 3. Geography di mension

Navigation  is a term used to describe the processes

employed by users to explore a cube interactively, by

manipulating the multidimensionally viewed data [6],

[13]. Possible operations which can be applied are:

Aggregation  (or Consolidat ion , or Roll-up ) which

corresponds to summariz ation of  data  for the higher level

of a hierarchy , Roll Down ( o r Drill down , or Drill

through ) which allows for navigation among levels of

data ranging from higher level summary (up) to lower

level summary or detailed data (down ), Selection  (or

Screening , or Filtering  or Dicing ) whereby a criterion is

evaluated against the data or members of a dimension in

order to restrict the set of retrieved data, Slicing  which

allows for the selecti o n  of  all data satisfying a condition

along a particular dimension  and Pivot ing  (or Rotat ion )

throughout which one can change of the dimensional

orientation of the cube, e.g. swapping the rows and

columns, or moving one of the row dimensions into the

column dimension, etc. [6], [13].

              Two are the basic architectures for storing data in an

OLAP database: ROLAP and MOLAP. ROLAP

(Relational OLAP ) [3] is based on a relational database

server, extended with capabilities such as extended

aggregation and partitioning of data [8]. The schema of

the database can be a star, snowflake,  or fact

constellation  schema [3]. On the other hand, MOLAP

(Multidimensional OLAP ) is based on "pure"

Multidimensional Databases (MDDs), which logically

store data in multidimensional arrays , which are heavily

compressed and indexed, in the physical level, for space

and performance reasons.

              The main motivation of this paper is to provide a

formal model for multidimensional databases. Since

multidimensional databases are defined in terms of

dimensions  (which are organized in dimension

hierarchies ), the model represents them formally.

Furthermore, classical OLAP operations, such as roll-up,

slice, dice  etc. are also represented by the model. We also

provide a mapping to relational databases and

multidimensional arrays. We make a serious design

choice: since querying is done in an interactive way, we

give emphasis to the tracking of series of operations,

performed in a navigational way.

              The major contribution of the paper is the modeling

of cubes, dimensions and cube operations, in the context

of series of operations. This formalization is currently

used, in this paper, for a direct modeling of the usual

OLAP operations. Instead of mapping OLAP operations

to complex and complicated "relational", or "calculus-

like" queries, we directly model them, in a

straightforward fashion. To our knowledge, the modeling

of the drill-down operation is introduced for the first time

in our model. Since engines are based on relational

technology, or multidimensional arrays, we also provide

a direct mapping of cubes and their operations for each of

these formalisms, so that both data warehouse designers

and the engines themselves can take advantage of it.

              The rest of this paper is organized as follows: in

section 2 we present related work in the fields of models

and algebras for data warehouse and OLAP applications.

In section 3 we provide a model for multidimensional

databases and cubes. In section 4 we provide a relational
mapping of the aforementioned model and a mapping to

multidimensional arrays. In section 5, we present the

conclusions of our work and possible future extensions.

2. Related work

Research has followed the evolution of industrial

products in the field of OLAP. The data_cube  operator

was introduced in [8]. There have also been efforts to

model multidimensional databases. In [1], a model for

multidimensional databases is introduced. The model is

characterized from its symmetric treatment of dimensions

and measures. A set of minimal (but rather complicated)

operators is also introduced dealing with the construction

and destruction of cubes, join and restriction of cubes and

merging of cubes through direct dimensions.

Furthermore, an SQL mapping is presented.

In [12] a multidimensional data model is introduced

based on relational elements. Dimensions are modeled as

"dimension relations", practically annotating attributes

with dimension names. The cubes are modeled as

functions from the Cartesian product of the dimensions to

the measure and are mapped to "grouping relations"

through an applicability definition. A grouping algebra is

presented, extending existing relational operators and

introducing new ones, such as ordering and grouping to

prepare cubes for aggregations. Furthermore, a

multidimensional algebra is presented, dealing with the

construction and modification of cubes as well as with

aggregations and joins.

In [9] n-dimensional  tables are defined and a

relational mapping is provided through the notion of

completion . An algebra (and an equivalent calculus) is

defined with classical relational operators as well as

restructuring, classification and summarization

operators. The expressive power of the algebra is

demonstrated through the expression of operators like the

data cube operator and monotone roll-up.

In [2] multidimensional databases are considered to

be composed from sets of tables forming denormalized

star schemata. Attribute hierarchies are modeled through

the introduction of functional dependencies in the

attributes of the dimension tables. Nevertheless, this

work is focused on the selection of an optimal set of

materialized views, for the efficient querying and update

of a data warehouse, and not in the modeling of cubes or

cube operations.

In [4], a multidimensional database is modeled

through the notions of dimensions and f-tables .

Dimensions are constructed from hierarchies of

dimension levels, whereas f-tables are repositories for the

factual data. Data are characterized from a set of roll-up

functions, mapping the instances of a dimension level to

instances of another dimension level. A query language

is the focus of this work: a calculus for f-tables along

with scalar and aggregate functions is presented,

basically oriented to the formulation of aggregate queries.

In [5] the focus is on the modeling of multidimensional

databases: the basic model remains practically the same,
whereas ER modeling techniques are given for the

conceptual modeling of the multidimensional database.

              In statistical databases [17], quite a lot of similar

work has been done in the past. In [17] a comparison of

work done in statistical and multidimensional databases

is presented. The comparison is made with respect to

application areas, conceptual modeling, data structure

representation, operations, physical organization aspects

and privacy issues. The basic conclusion of this

comparison is that the two areas have a lot of overlap,

with statistical databases emphasizing on conceptual

modeling and OLAP emphasizing on physical

organization and efficient access.

              In [14] a data model for statistical databases is

introduced. The model is based on "summary tables" and

operators defined on them such as

construction/destruction, concatenation/extraction,

attribute splitting/merging and aggregation operators.

The underlying algebra is a subset of the algebra

described in [15]. Furthermore, physical organization

and implementation issues are discussed. [14] is very

close to practical OLAP operations, although discussed in

the context of summary tables.

              In [16] a functional model ("Mefisto") is presented.

Mefisto is based on the definition of a data structure,

called "statistical entity" and on operations defined on it

like summarization, classification, restriction and

enlargement.

              In all of the aforementioned approaches the

relationship of the proposed operators to real OLAP

operations, such as roll-up, drill-down, slice and dice

seems to be weak: it is either discussed informally for a

subset of operators [1], indirectly dealt through the

introduction of aggregation [12], [9], or in a different

context [14], [16]. [2] and [5] are basically dealing with

the modeling of cubes. The best approach seems to be

given in [5]; yet a direct mapping to OLAP operations is

still not provided. Furthermore, apart for [16], series of

operations are not directly dealt with. Finally, to our

knowledge, no explicit modeling of the drill-down

operation exists.

3. A model of multidimensional space and

cubes

3.1. Multidimensional space

              Let �  be the space of all dimensions . For each

dimension D
                                      i

                                         there exist a set of levels , denoted as

levels(D
                       i

                         ) . A dimension is a lattice ( H , < ) of levels. Each

path in the lattice of a dimension hierarchy, beginning

from its least upper bound and ending in its greatest

lower bound is called a dimension path . Each dimension

path is a linear, totally ordered list of levels. We extend

the notion of the function levels , for dimension paths:

levels ( D
                        pi

                           ) is a list, where the higher a level semantically

is, the higher its rank is in the dimension path. The total

order allows us to use comparison operators for the

dimension levels. For instance, if we consider the
dimension path [year, month, day], then day <  month <

year , whereas for the dimension path [year, week, day],

day <  week <  year holds . A dimension D consists of a set

of dimension paths, paths(D).  In the case of linear

dimensions, where there is a single dimension path in the

dimension, we will use the terms dimension  and

dimension path  interchangeably.

Let