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attributes, etc. Such information systems are called as composite information systems. To pro-
cess such attributes with rough set theory, composite rough set model and corresponding
matrix methods were introduced in our previous study. Calculation of rough set approxima-
tions of a concept is the key step for rule acquisition and attribute reduction in rough set based

Ié?;:g)gg;'e rough sets methods. To accelerate the computation process of rough set approximations, this paper first
Boolean matrix presents the boolean matrix representation of the lower and upper approximations in the
CUDA composite information system, then designs a parallel method for computing approximations
Multi-GPU based on matrix, and implements it on Multi-GPU. The experiments on data sets from UCI

and user-defined data sets show that the proposed method can accelerate the computation
process efficiently. The Multi-GPU implementation achieves up to a speedup of 334.9 over the
CPU implementation.

© 2015 Published by Elsevier Inc.

1. Introduction

The rough set (RS) theory is a powerful mathematical tool to describe the dependencies among attributes, evaluate the signif-
icance of attributes, and derive decision rules [4,14,22,24,31]. It plays an important role in the fields of data mining and machine
learning [8,15,17,19,28,34,42]. Different types of attributes can be processed by different rough set models [6,7,10,11,29,30,35].
Guan et al. introduced the tolerance relation which can be used to process set-valued attributes [7]. Hu et al. generalized clas-
sical rough set model by the neighborhood relation to process numerical attributes [10]. Grzymata-Busse integrated the toler-
ance relation [11] and the similarity relation [29], and proposed the characteristic relation [6] to deal with missing attributes
in incomplete information systems. In real applications, there always exist multiple different types of attributes in information
systems like categorical attributes, numerical attributes, set-valued attributes, and missing attributes. Such information systems
are called as composite information systems. However, most of rough set models fail to deal with information systems with more
than two types of attributes. To solve this problem, we proposed the composite rough set (CRS) model, defined a composite rela-
tion and used composite classes to drive approximations from composite information systems in our previous work [36]. Table 1
shows a comparison of the above rough set models.
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Table 1

Rough set models.
Model Relation Data types

C N S M

Classical RS Equivalence [22] N x x x
Neighborhood RS Neighborhood [10] N N x N
Set-valued RS Tolerance [7] N X v x
Characteristic RS Characteristic [5] v x x v
Composite RS Composite [36] v N v v

C: Categorical, N: Numerical, S: Set-valued, M: Missing

Calculation of rough set approximations of a concept is the key step for rule acquisition and attribute reduction in rough
set based methods. The efficient computation of rough set approximations can accelerate the process of knowledge discovery
effectively. Parallelization of algorithms is a good way to speed up the computational process [25,26,37,40]. In our previous work,
we proposed a parallel algorithm for computing rough set approximations [37], and presented a comparison of rough set based
knowledge acquisition on different MapReduce runtime systems [39], where MapReduce is a popular computing model for cloud
computing platforms [41]. However, this proposed parallel method can only process categorical attributes. In addition, GPUs may
accelerate computationally intensive tasks [3] and have recently been utilized in various domains, including high-performance
computing [21]. NVIDIA GPUs [3] power millions of desktops, notebooks, workstations and supercomputers around the world,
and NVIDIA CUDA [2] is a General Purpose Computation on GPUs (GPGPUs) framework, which uses a C-like programming lan-
guage and does not require re-mapping algorithms to graphics concepts. These attributes help users develop correct and efficient
GPU programs easily. In this paper, we first present a boolean-based method to deal with composite attributes and compute
rough set approximations from composite information systems. It means that the computation of rough set approximations can
be processed as boolean matrix operations. We design a parallel boolean matrix based method for computing approximations
and parallelize it on GPUs.

The remainder of the paper is organized as follows. Section 2 introduces rough set models as well as CRS model. Section 3
proposes the boolean matrix-based method for calculation of CRS approximations. Section 4 presents the algorithm design for
computing CRS approximations and complexity analysis. Section 5 illustrates the efficient parallel method and GPU implemen-
tations. Section 6 demonstrates the experimental analysis. The paper ends with conclusions and future work in Section 7.

2. Preliminaries
In this section, we first briefly review the concepts of classical rough set model as well as its extensions [7,10,13,22,23,36].
2.1. Rough set models

Given a pair K = (U, R), where U is a finite and non-empty set called the universe, and R € U x U is an indiscernibility relation
on U. The pair K = (U, R) is called an approximation space. K = (U, R) is characterized by an information system IS = (U, A, V, f),
where U is a non-empty finite set of objects; A is a non-empty finite set of attributes; V = | J,c4 Va and Vg is a domain of attribute
a; f: U x A — Vis an information function such that f(x, a) € V, for every x € U, a € A where f(x, a) denotes the value of sample x
in the attribute a.

Definition 1 (Equivalence Relation [22]). Given an information system IS = (U,A,V, f), B € A. The equivalence relation ERg is
defined as follows:

ERg ={(x,y) eU x U|f(x,a) = f(y.a),Va e B} (1)

Classical rough set model is based on the equivalence relation. The elements in an equivalence class satisfy reflexive, symmet-
ric and transitive. It cannot deal with the non-categorical attributes like numerical attributes, set-valued attributes, etc. However,
non-categorical attributes appear frequently in real applications [5,9,11,27]. Therefore, many scholars devote to develop meth-
ods to deal with non-categorical attributes in information systems. We here review some representational binary relations for
processing different non-categorical attributes [5,9,11,12,18,27,33] in rough set models.

Definition 2 (Neighborhood Relation [10]). Given a neighborhood information system NIS = (U,A,V, f), B € A. The neighbor-
hood relation NRp is defined as

NRp = {(x,y) € U x U|Ag(x,y) < 8} (2)
where A is a distance function defined in feature spaces. Vx, y, z € U, it satisfies:

(1) A(x,y) =0, A(x,y) =0ifand only ifx = y;
() Alx.y) = A(y.%);
() A(x,2) < A(x,y) + Ay, 2).
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