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Abstract. Order-Preserving SubMatrix (OPSM) has been accepted as
a significant tool in modelling biologically meaningful subspace cluster,
to discover the general tendency of gene expressions across a subset of
conditions. Existing OPSM processing tools focus on giving a or some
batch mining techniques, and are time-consuming and do not consider
to support OPSM queries. To address the problems, the paper presents
and implements a prototype system for OPSM queries, which is called
OMEGA (Order-preserving subMatrix mining, indExinG and seArch
tool for biologists). It uses Butterfly Network based BSP model to mine
OPSMs in parallel. Further, it builds index based on prefix-tree associ-
ated with two header tables for gene expression data or OPSM mining
results. Then, it processes exact and fuzzy queries based on keywords.
Meanwhile, the vital query results are saved for later use. It is demon-
strated that OMEGA can improve the effectiveness of OPSM batch min-
ing and queries.
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1 Introduction

DNA microarray enables simultaneously monitoring of the expression level of
tens of thousands of genes over hundreds of experiments. Gene expression data
on DNA microarrays can be viewed as an n × m matrix with n genes (rows) and
m experiments (columns), in which each entry denotes the expression level of a
given gene under a given experiment. Existing clustering methods do not work
well for gene expression data, due to that most genes are tightly coexpression only
under a subset of experiments, and are not necessarily expression at the same
or similar expression level. Thus, it makes Order-Preserving SubMatrix (OPSM)
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[1,2], a special model of pattern-based clustering, as the popular tool to find
meaningful clusters. In essence, an OPSM is a subset of rows and columns in a
data matrix where all the rows induce the same linear ordering of the columns,
e.g., rows g2, g3 and g6 have an increasing expression level on columns 2, 7,
5, and 1. And OPSM cluster model focuses on the relative order of columns
rather than the actual values. As the high-rate increasing of the numbers and
sizes of gene expression datasets, there is an increasing need for the fast mining
techniques to handle the massive gene datasets. Further, OPSM mining results
are accumulated and not efficiently utilized, thus it is urgent to build a tool for
biologists to find supporting rows or columns based on keyword queries, which
plays an important role in inferring gene coregulated networks.

Traditional OPSM processing tools such as BicAT [1] and GPX [2] are devel-
oped for single machine, and cannot work well on parallel distributed platform.
For example, how to reduce the communication time, workload of bandwidth and
percent of duplicate results. And they are mainly focusing on providing batch
OPSM mining techniques, and have very limited consideration on supporting
OPSM search, even if GPX uses a graphical interface to drill down or roll up.

To solve the problems, we present and implement a prototype system for
OPSM queries called OMEGA (Order-preserving subMatrix mining, indExinG
and seArch tool). The major features of OMEGA can be described as follows:

(1) OMEGA provides a Butterfly Network based parallel OPSM mining
framework [4]. Existing batch OPSM mining methods only employ a machine,
but OMEGA utilizes multi-machines to mine OPSMs.

(2) OEMGA supports OPSM indexing and search. It builds index based on
prefix-tree with two header tables, then processes queries based on keywords [3],
meanwhile saves the vital query results for later use. It is demonstrated that
OMEGA can improve the effectiveness of OPSM batch mining and queries.

2 The Architecture and Key Technologies of OMEGA

The architecture of OMEGA can be divided into four major shown in Fig. 1(a).

(1) Permutation of Columns. This module permutates columns based on
expression values, under which row sequences are in ascending/descending order.

OPSM model focuses on the relative order of columns rather than actual
values. By sorting row vectors and replacing entries with their corresponding
column labels, data matrix can be transformed into a sequence database, and
OPSM mining is reduced to a special case of sequential pattern mining problem
with distinctive properties. Actually, we can use any sort method to permutate
the columns of each row, and quick sort algorithm is employed in the paper.

(2) Parallel Mining OPSMs. This module employs Butterfly Network based
BSP model for OPSM mining.

The number of nodes of Butterfly Network is N (N = 2n, where n is the
maximum number of super-steps). For simplicity, the names of nodes are denoted
by integers which are from 0 to 2n − 1. In the ith super-step (i ≥ 1), each
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(a) System Architecture (b) The User Interface of OMEGA

Fig. 1. System Architecture and User Interface

node firstly does local computation, then N nodes are divided into (log2N)/2i−1

groups, where 1 ≤ i ≤ n, i.e., each group has 2i members which have continuous
integers, further the members in each group are divided into 2 partitions, the
members in first half partition communicate or transfer data with the nodes in
the last half partition with 2i−1 steps, and vice versa, finally the nodes go into
barrier synchronization. Once there are no data to transfer or the number of
super-steps is equal to log2N , the computational work of the nodes on Hama
will be stopped. For more details about the method, please refer to work [4].

(3) Indexing of Datasets. The module uses prefix-tree with two header tables
to index the permutation of columns or OPSM mining results.

A compact index can be designed based on three observations described in
work [3]. We use dataset in Table 1 to show how to build index in Fig. 2.

Table 1. Dataset

Row No. Column No.
1,2,5 VI,III,I,VIII,XVI
3,6,9 VI,III,I,II,XIII

7,10,11 VI,II,III
4,8,12 III,II,XVI
4,6 VI,III,I,VIII,XVI Fig. 2. pIndex

First, one may create the root of a tree, labelled with “null”. Then, scan
OPSM dataset. The scan of 1st OPSM leads to the construction of 1st branch of
the tree: <VI, III, I, VIII, XVI>. Notice that we keep item order in an OPSM.
And add a leaf node (1, 2, 5). For the 2nd OPSM, since its item list <VI, III,
I, II, XIII> shares a common prefix <VI, III, I> with existing path <VI, III,
I, VIII, XVI>. One new node (II) is created and linked as a child of (I), and
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another new node (XIII) is created and linked as the child of (II). The leaf node
records row No. <3, 6, 9>. For other OPSMs, it uses the same method to build.

A column header table in Fig. 2 is built in which the order is conducted based
on the occurrences of items from left to right and from top to bottom, and each
item points to its occurrence in the tree via a column head of node-link. Nodes
with the same column No. are linked in sequence via such bidirection node-links.

A row header table in Fig. 2 is built in which the order is conducted based
on the occurrences of row Nos from left to right, and the tree nodes which have
the same row No. will be saved in one hash set. For the sake of clarity, nodes
with the same row No. are linked in sequence via a row head of node-link.

(4) OPSM Queries. Due to space limit, we only show one type of query.
For fuzzy queries on conditions FQc, first rotate the 1st element of keywords.

Then, locate column keywords with column header table, from located node
to tree root. If the number of keywords in the same branches is above length
threshold τ , get gene names in the leaves. And test whether the number of gene
names above size threshold δ, if true, add keyword set (gene name) as key (value)
into final results. Otherwise, test until each keyword as first element one time.

When getting query result, and if query time is above a threshold, we save
it in memory. If the memory is scarcity, we remove the longest unused result.
When it does queries, we first test whether the memory saves the query results,
if true, we return query result soon. For more details, please refer to work [3].

3 Demonstration

The gene expression repository used for demonstration consists of 6 docu-
ments (http://www.broadinstitute.org/cgi-bin/cancer/datasets.cgi). The offline
part (permutation and mining) is conducted on Hama 0.4.0, and the online part
(indexing and queries) is running on a PC with a 1.86GHz CPU, 2.9GB RAM,
Ubuntu 14.04 system, and Firefox 28.0 web browser.

We use a web interface to demonstrate our system. Fig. 1(b) shows user inter-
face of OMEGA. For more details, we provide a video to show the demonstra-
tion process (https://sites.google.com/site/jiangtaonwpu/). In the demonstra-
tion, we will show the permutation of columns, parallel OPSM mining, indexing
of datasets, and searching examples under different configurations, such as dif-
ferent keyword and result thresholds.
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1. Barkow, S., Bleuler, S., Prelić, A., Zimmermann, P., Zitzler, E.: BicAT: A biclus-
tering analysis toolbox. Bioinformatics 22(10), 1282–1283 (2006)

2. Jiang, D., Pei, J., Zhang, A.: GPX: interactive mining of gene expression data. In:
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