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with an event type. For more than a decade, algorithms existed for episode discovery only
when the associated partial order is total (serial episode) or trivial (parallel episode).
Recently, the literature has seen algorithms for discovering episodes with general partial
orders. In frequent pattern mining, the threshold beyond which a pattern is inferred to
be interesting is typically user-defined and arbitrary. One way of addressing this issue in

K ds: .. . . .
E;{:;Zre fii scovery the pattern mining literature has been based on the framework of statistical hypothesis
Partial order episodes testing. Th%s paper presenFs a method of asses'sing statistical significance of episode
Non-overlapped frequency patterns with general partial orders. A method is proposed to calculate thresholds, on
Statistical significance the non-overlapped frequency, beyond which an episode pattern would be inferred to be

statistically significant. The method is first explained for the case of injective episodes with
general partial orders. An injective episode is one where event-types are not allowed to
repeat. Later it is pointed out how the method can be extended to the class of all episodes.
The significance threshold calculations for general partial order episodes proposed here
also generalize the existing significance results for serial episodes. Through simulations
studies, the usefulness of these statistical thresholds in pruning uninteresting patterns is
illustrated.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Over the years, frequent pattern mining has been found useful in many applications of data mining. The field, which
emerged with itemset (association rule) mining, has seen many other interesting patterns like sequential patterns, episodes,
graphs, trees and so on [18]. In the frequent pattern mining paradigm, a pattern is considered interesting when it occurs
often enough, that is, it is frequent. However, whether or not a pattern is frequent, depends on arbitrary (user-chosen)
thresholds on the frequency (or support) of the pattern. Hence, the issue of choosing these thresholds and assessing the
interestingness (or significance) of a pattern using sound statistical principles is important. Typically, significance of patterns
is assessed based on ideas from statistical hypothesis testing. Thresholds beyond which patterns are assessed to be
significant are typically chosen by rejection of a suitable null hypothesis at a given level of confidence. The null hypothesis
that is most often used in data mining context is a hypothesis of independence. For example, in the itemset context an
independence hypothesis is that the records or transactions in the database are independent realizations of a collection
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of independent binary random variables, where each binary random variable codes for the presence or absence of an item. In
this paper, this issue of statistical significance in the context of frequent episode mining is addressed [32].

1.1. Statistical methods in pattern discovery

Hypothesis testing problem is to find a decision rule (also called test) which can lead to a conclusion about the underlying
true hypothesis (out of the two hypotheses - the null and the alternate) using an observed sample. The function of the sam-
ple or data that is used for decision making is called the test statistic. The set of values of the test statistic for which the null
hypothesis is rejected is called the critical region. The error where one decides to reject the null hypothesis, but the null is
actually true, is called the type-1 error. The probability of type-1 error is called the significance level of the test.

In pattern mining literature, significance of patterns is mostly assessed by rejection of a suitable null hypothesis, with no
alternate hypothesis considered. Given that the patterns that occur often enough are considered interesting in frequent pat-
tern mining, a natural choice for the test statistic is the frequency of the pattern. Hence the test will be of the form: if the
frequency is above a (calculated) threshold then reject the null hypothesis and conclude that the pattern is statistically sig-
nificant. In general, for any given null hypothesis, the distribution of the frequency of an episode would, in general, depend
on the structure of the episode and hence different episodes would have different frequency thresholds for being significant.
However, most data mining algorithms function with a single frequency threshold. Thus, often the thresholds calculated
using statistical analysis are used for pruning the set of frequent episodes discovered (as a post-processing). Sometimes it
may be possible to make this process more efficient. For example, if the thresholds for statistical significance are the same
for all episodes of a given size (which could be the case, e.g., for serial episodes) then one can use these thresholds in an apri-
ori-style data mining algorithm by having different support-thresholds for different passes of the algorithm.

In the context of frequent itemsets, an interesting statistical significance analysis is presented in [8]. Here the null
hypothesis is one of independence and the statistical test is essentially to establish whether or not the corresponding binary
random variables of the itemset are independent. Recently a method to assess significance of itemsets based on rejecting a
composite null hypothesis that is more general than that of independence, was proposed in [37]. Statistical significance anal-
ysis of sequential patterns [5,10,21] (which are essentially sequences of itemsets) has also been addressed, e.g., in [24].

In this paper, the focus would be on statistical significance assessment of episode patterns based on their frequency.
Frequent episode discovery [32] is a framework for discovering temporal patterns in symbolic time series data, with
applications in several domains like manufacturing [27,41], telecommunication [32,19], WWW [30], biology [7,35], finance
[34], intrusion detection [31,42], text mining [23] etc. The data in this framework is a single long time-ordered sequence of
events and each temporal pattern (called an episode) is essentially a small, partially ordered collection of event-types. The
partial order in the episode constrains the time-order in which events (of appropriate types) should appear in the data, in
order for the events to constitute an occurrence of the episode. There have been many notions of frequency proposed in
the episodes literature (see [1] for a discussion on different frequency measures used in the episodes framework). Every
frequency measure captures some notion of how often an episode occurs in the data. Given a frequency measure, the
computational task is to discover all episodes whose frequency in the data exceeds a user-defined threshold. For many years,
the algorithms for discovering frequent episodes restricted themselves to only serial episodes (where the partial order is a
total order) or only parallel episodes (where the partial order is trivial) [32,9,28,27,35,45]. Algorithms for discovering
episodes with general partial orders have recently been proposed [39,2].

In the context of episodes, an often used null model is an i.i.d. (independent identically distributed) model. This null
hypothesis states that the event sequence consists of i.i.d. realizations of the random variable that takes values from the
set of all event-types, £. The probability of each event-type, E, is denoted by p; and > .p; = 1. If each p; = 1/|£], then
the model is referred to as a uniform i.i.d. model. For any other symbol probabilities, we refer to it as a non-uniform i.i.d.
model. Apart from the i.i.d. null hypothesis, people have also considered a null hypothesis where the underlying event
sequence, is assumed to form a Markov chain. The literature has seen statistical significance assessment of serial episode
patterns under some of the frequency notions. Under the windows based frequency and i.i.d. null hypothesis, [16] show that
the random variable representing frequency of a serial episode (after being suitably normalized) is asymptotically normal.
Under such a Gaussian approximation, they calculate significance thresholds for a given probability of type-1 error. They
extend this to general partial order episodes (including parallel episodes) in [6]. The extension of these results for a Markov
null hypothesis is considered in [17]. Statistical significance results under the non-overlapped frequency and uniform i.i.d.
null model for serial episodes are reported in [28]. A method to assess the significance of general partial order episodes based
on minimal occurrences based frequency has been proposed in [38]. This method uses span information of the minimal win-
dows present in the data as the test statistic rather than the frequency of episodes. There is also some recent work on assess-
ing significance of serial episodes with a fixed gap constraint under a composite null hypothesis based on some conditional
probability bounds [36].

As explained above, there are approaches for assessing significance of general partial order episodes under the windows
based and minimal windows based frequency. In this paper, statistical significance of episodes with general partial orders
under the non-overlapped frequency is considered.

The approach we follow for analyzing statistical significance of discovered episodes under non-overlapped frequency can
be summarized as follows. Most of the algorithms for frequent episode discovery employ (implicitly) some finite state
automata (FSA) for recognizing the occurrence of an episode [1]. These automata make state transitions based on the input
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