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Abstract. The multidimensional analysis based on data cube has been growing
interest. However existing data cube model usually does not have the semantics
of attributes and hence the analysis usually provides results with raw numbers
and ignores the real meanings of these numbers. An example result is that the
total sales of PC in this year are above 2000. The semantics of sale perform-
ance, high or low, is not clear and that is not easy to be understood for decision
makers. The semantic data cube model with linguistic semantics is presented in
this paper. The semantic data cube uses fuzzy set to represent the linguistic
semantics of the dimensions and measures of data cube. The computation of
semantic data cube is studied and the serial and parallel computation algorithms
are presented. The experiments on the synthetic datasets show that the
algorithms are scalable and efficient.

1 Introduction

Recently, there have been growing interests in multidimensional analysis of data
warehouses [1]. Most of such analyses involve data cube [2] based summary analysis.
However existing data cube model usually does not have the semantics and hence the
analysis usually provides results with raw numbers and ignores the real meaning of
these numbers. An example result is that the total sales of PC in this year are above
2000. The semantics of sale performance, high or low, is not clear and that is not easy
to be understood for the decision makers. Fuzzy technology provides a useful method
for describing the interface between human conceptual categories and data. In this
paper, the semantic data cube model with such linguistic semantics is presented.
It uses fuzzy set to represent the linguistic semantics of dimensions and measures
of data cube. The computation of semantic data cube is studied and the serial
computation algorithm sCRT and parallel psCRT (short for parallel semantic cube
computation from relation table) are presented to compute the semantic data
cube from relation table. The performance of the computation algorithms is tested on
the synthetic (i.e. algorithmically generated) datasets and the results show that the
algorithms are scalable and efficient.

There are some related works regarding our problem. In qc-trees [3], the structural
semantics of data cube, such as, the roll up and drill down operations of data cube are
studied. Those structural semantics are different from our linguistic semantics.
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In explanatory semantics model [4], the fuzzy technology is also used to construct
fuzzy data cube model and it is the closest to the semantic data cube in this paper.
However, the explanatory semantics model mainly focuses on the semantics of meas-
ure attributes. The semantics of dimension attributes are not considered. In semantic
data cube, the linguistic semantics of measures and dimensions are both represented.
In addition, the computation of cube model is not given in [4]. The existing cube
computation algorithm [5] mainly studied the computation of general data cube from
relation table. The semantics are not included in the computation algorithm. The
semantic cube model is also different from the RSM model included in the knowledge
grid platform [6], in the foundation, the managed objects, the normalization basis, the
operation feature, and the interchange basis aspects.

2 Preliminaries

2.1 Fuzzy Set

The concept of a fuzzy set extends the notion of a regular crisp set in order to ex-
press classes with ill-defined boundaries, corresponding in particular to linguistic
values such as "tall", "young", "important" etc. Within this framework, there is a
gradual rather than sharp transition between non-membership and full membership.
A degree of membership is associated with every element x of the universal set X.
It takes its value in the interval [0,1] instead of the pair {0,1}. Such a membership
assigning function 1,: X—[0,1] is called a membership function and the set defined
by it is a fuzzy set. The concept of “o-cut” of a fuzzy set means a subset made
of those elements whose membership is over or equal to o: (A,={xe XIua(x)2a }).

A fuzzy predicate expresses the degree to which the arguments satisfy the predicate.

2.2 Data Cube Model

The CUBE BY operator [2] is a multidimensional extension of relational GROUP BY
operator and is used to compute a data cube from a relation table. While the semantics
of the CUBE BY operator is to partition a relation into groups based on the values of
the attributes specified in the CUBE BY operator and then apply aggregations
functions to each of such groups, the CUBE BY operator computes GROUP BY
corresponding to all possible combinations of attributes in the CUBE BY operator. In
general, a CUBE BY operator on n attributes computes 2" GROUP BYs, or cuboids.
The grouping attributes are called dimensions and the aggregated attributes are called
measures. A tuple with dimension attributes and measure attributes in a data cube is
called a cell.

In this paper, we call such cuboid that is partitioned on j dimensions size-j cuboid.
For example, cuboid A is a size-1 cuboid and cuboid AB, that is partitioned on
dimensions A and B, is a size-2 cuboid. Especially, the cuboid ALL is called size-0
cuboid.
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3 Semantic Data Cube Model

Table.1 shows a semantic data cube with historical sales data. There are three cells in
the data cube. The dimensions attributes are ‘product’, ‘year’ and ‘location’ and the
measure attribute is ‘sales amount’.

Table 1. An example of a semantic data cube

Product Year semantics Location Sales semantics
PC Recent/1 Guangzhou High/1

TV Recent/1 Shanghai Ordinary/0.8
Camera 01d/0.6 Beijing Low/1

In table.1, the ‘year’ dimension includes the semantic information, ‘recent/1’ and
‘0ld/0.6’, and the ‘sales amount’ measure also includes the similar semantics that
describe the sales performance such as ‘high/1’, ‘ordinary/0.8” and ‘low/1’. As shown
in the table, the semantics of dimensions and measures attributes of data cube are
included in the semantic data cube. The semantics of attributes includes the linguistic
semantics such as ‘recent’ and the corresponding degrees of membership function
such as ‘1’ in ‘recent/1’. In general, the field experts assign the membership functions
according to the fact requirements.

Based on the semantic data cube model, the multidimensional analyses with the
semantics can be directly supported. For example, find out the products that have high
sales in the recent years based on the semantic data cube in table 1. The answer may
be the product of PC and the degree is 1.

4 The Computation Algorithms

4.1 The SCRT Algorithm

The sCRT algorithm is an extension of the existing cube computation algorithm BUC
[5]. Similar to the BUC algorithm, the framework of sCRT is a recursive processing
and computes semantic data cube from the bottom of cuboids-tree to the up and has
the same partition procedure. The difference from BUC algorithm is that sCRT is
used to compute completely semantic data cube but traditional and partial data cube
(i.e. iceberg cube). The description of sCRT algorithm is given in table 2. In the
description, the cardinality of one attribute is the number of different attribute values.
The membership function of measures and dimensions are the input arguments. In the
computation process, these functions are used to compute the semantics of measures
and dimensions.
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Table 2. The description of sSCRT algorithm

PROCEDURE sCRT
Inputs: input: the relation to aggregate. dim: the starting dimension for this iteration.
memberFunction[i]: the membership function associated with the dimensions and
measures.
Globals: Constant numDims: the total number of dimensions. Constant numMeas:
the total number of measures. Constant cardinality[numDims]: the cardinality of
each dimension. outputRec: the current output record. dataCount[numDims]: stores
the size of each partition. dataCount[i] is a list of integers of size cardinalityl[i].
Outputs: Recursively output one record of semantic data cube.
Method:
Aggregate (input); {place results in outputRec }
for j=numDims; j< numDims+numMeas; j++ do
if memberFunction[j] then {check the membership function list}
outputRec.dim[j]= f,,(outputRec.aggr); {compute the semantics of measures }
end if
write outputRec;
for d=dim; d< numDims; d++ do
let C=cardinality[d]
Partition (input, d, C, dataCount[d]);
10. let k=0;
11.  fori=0; i<C; i++ do {For each partition}
12. let c=dataCount[d][i]
13. if c>=1 then {The sCRT stop here}

A SRR ol ol e

14. if memberFunction[i] then

15. outputRec.dim[d]=f,(input[k].dim[d]); {compute dimension semantics}
16. SCRT (input[k..k+c], d+1);

17. end if

18. end if

19. k+=c;

20. end for

21. outputRec.dim[d]=ALL;

22. end for

4.2 The PSCRT Algorithm

The size of a complete data cube is huge and the cost of cube computation is expen-
sive. In order to enhance the computing efficiency, the parallel algorithm psCRT is
designed. The algorithm assumes a shared-nothing architecture where each of n proc-
essors p; (1<i<n) has a private memory and the processors are connected by a commu-
nication network and can communicate by passing messages. The synchronization of
processors is controlled by a processor pj.

In psCRT, the processor-cuboid map represents the relation between a processor
and the cuboids handled by the processor. For example, suppose that the processors
are py, p» and p;. The dimensions are A, B, C and D. For balancing the number of
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cells handled by each processor, size-1 cuboid is assigned to p;, size-2 cuboid is
assigned to p,, and size-0, size-3 and size-4cuboid are assigned to p;. In general, sup-
pose that Numcuboid (i) denotes the number of cells in size-i cuboid. From the
description of data cube model, it is easy to know that Numcuboid (i)= Numcuboid (j)
where O<i<j. The local cuboids in psCRT are computed by sCRT. The combination
procedure in psCRT algorithm searches each cell of the local cuboids and inserts the
cells with computed semantics into the semantic data cube D.

Table.3 The description of psCRT algorithm

PROCEDURE psCRT

Inputs: R is the given relation table, n is the number of processor, and the processor-
cuboid map is a list that represents the relation between cuboids and processors.
memberFunction: The membership function associated with the dimensions and
measures.

Outputs: D is the semantic data cube

Method:

1. The given relation table R is evenly divided n partitions R; (1<i<n). The processor-
cuboid map is sent to the other processors.

2. The processor p;(1<i<n) computes the corresponding data cube on R; in parallel and
sent the local cuboids to the corresponding processors according to the processor-
cuboid map.

3. The processor p; (1<i<n) in parallel combines the different cuboids into a locally data
cube D;.

4. The local data cube D; (1<i<n) is sent to the processor p;, and p; combines D; into a
complete data cube D.

5 The Performance Tests

In this section, we present our experiments on the performance of sCRT and psCRT.
All experiments are performed using synthetic datasets. The dataset tuples follow the
uniform distribution. The number of dimension is set to 5. The cardinality of all at-
tributes is set to 1000. The size of datasets (i.e. the number of tuples) is varied from
10,000 to 30,000 with an interval 10,000. The aggregate function used in the cube
computation algorithm is SUM function. In all tests, one dimension (the first dimen-
sion) and one measure are chosen as the semantic attributes and associated with the
membership function. All experiments are conducted on PC platform and two proces-
sors are used. The first processor p; is with an Intel Pentium 1.5GHz CPU, 256M
RAM, and the second processor p, is with an Intel Pentium 500M CPU, 256M RAM.
The tests of sCRT are based on the first processor. The processor-cuboid map is
shown as following: size-1 cuboid, size-5 cuboid, size-3 cuboid are assigned to p;.
size-2 cuboid, size-4 cuboid and size-0 cuboid (i.e. ALL) are assigned to p,. Just as
shown in table 4, both algorithms are scalable with the size of dataset. However
psCRT outperforms sCRT. The key factor that affects the efficiency of the psCRT
algorithm is the spending of communication between processors.
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Table 4. The performance test results

Size of datasets Runtime of SCRT (ms) Runtime of psCRT (ms)
10,000 2433 1735
20,000 4716 3841
30,000 5758 4720

6 Conclusions

In this paper, the semantic data cube model with linguistic semantics is presented. The
semantic data cube uses fuzzy set to represent the linguistic semantics of dimensions
and measures of data cube. The computation algorithms for the semantic data cube
are presented. The test results show that the algorithms are effective and scalable. The
parallel data analysis based on the semantic cube is our future work.
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