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Abstract

The task of finding informative recurring patterns in data
has been central to data mining research since the intro-
duction of the task of frequent itemset mining in [1, 2, 14].
In these seminal papers, the informativeness of a recurring
itemset in a binary database was formalized by its support
in the database. However, it is now widely recognized that
an itemset’s support is not the best measure of its informa-
tiveness. Furthermore, recent work has highlighted that the
support of an itemset is highly susceptible to noise, such that
it may be more appropriate to search for itemsets that recur
only approximately. In this paper, we present a new mea-
sure of informativeness for noisy itemsets in binary databases
within the formalism of tiles [6]. We demonstrate the bene-
fits of our new measure by means of experiments on artificial
and real-life data, allowing for objective and subjective eval-
uation.

1 Introduction

The problem of finding informative sets of items in a
binary matrix is a long-standing and important one. It
can be decomposed into to tightly interconnected chal-
lenges: the adequate formalization of informativeness,
and the development of fast algorithms that search a
binary database for itemsets that are informative as for-
malized in this way.

Trading off these two objectives has turned out
to be non-trivial. In using the support of an itemset
as its informativeness measure, the emphasis has long
been on addressing the algorithmic challenge, and it is
now well understood how frequent itemsets, defined as
itemsets with a sufficiently large support, can be mined
efficiently.

However, it has become clear that the support of
an itemset is often not adequate as a formalization of
informativeness, and alternatives have been proposed.
This includes the product of the itemset’s size with its
support [6]; an itemset’s ability to compress a database
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when used as a code-word in a code-table [20]; based
on hypothesis testing [21, 7, 5]; and more recently the
itemset’s partial-support [16].

In this paper, we adhere to the framework of [6] in
considering as patterns of interest the pair of an itemset
I and transaction set 1. Such a pair is often referred
to as a tile, and we will denote it as = = (T, I). For
mathematical convenience, let us represent a database
by a binary matrix D € {0,1}™*" in this exposition,
where D(¢,4) € {0,1} is defined to be equal to 1 iff the
transaction ¢ contains the item i. Then a tile 7 = (T, 1)
is said to be present in a database D if for all pairs of an
item ¢ € I and a transaction ¢t € T', the database entry
D(t¢,i) = 1, i.e. if all transactions from 7" carried each
item from I. A tile can be approximately present if this
is true only for some of the pairs of an item ¢ € I and a
transaction ¢ € T'. Somewhat abusively, we will refer to
the first type of tiles as exact tiles, and the second type
of tiles as noisy tiles.!

The main result proposed in this paper is a new
formalization of informativeness for tiles and noisy
tiles, combining ideas from each of the above-mentioned
approaches. To do this, we rely on a probabilistic model
incorporating prior knowledge about the database as
a background model. Then we quantify the Shannon
information content of (noisy) tiles with respect to this
model. The ratio of this information content over the
description length of the (noisy) tile is suggested as a
measure of informativeness.

We show how this formalization of informativeness
can be generalized toward a set of noisy tiles, referred
to as a noisy tiling. Furthermore, we show how a set-
covering type of algorithm can be used to search for a
tiling that is nearly optimally informative in this sense.

2 Background

Let us first describe various recent attempts to formal-
ize the informativeness of tiles. The newly proposed
approach incorporates elements of each of these, and
will be discussed in Sec. 4.

1Tt should be emphasized that all results in this paper could be

worded in terms of itemsets and noisy itemsets as well. However,
using tiles allows for a more elegant presentation of our results.



2.1 Tiles and tilings Tiles and tilings were first
proposed as a concept in [6]. In the same paper
a measure of informativeness for tiles present in a
database was defined, namely as the surface of the tile.
Le. the informativeness measure for a tile 7 = (T, 1I)
was defined as the product |T'| - |I| of the number of
transactions and the number of items.

For many practical applications, this informative-
ness measure is much closer to subjective informative-
ness than the support of an itemset. Indeed, a small
itemset that with the same support of a large one is typ-
ically less informative than the large one. Multiplying
the support by the itemset size resolves this problem.

This measure of informativeness for a tile has ele-
gantly been extended to a measure of informativeness
for a tiling defined as a set of tiles, namely as the total
surface covered by the tiles. In computing this surface,
it is important that parts of the database covered mul-
tiple times in the tiling should be counted only once.
This ensures that an informative tiling in this sense will
typically contain non-overlapping tiles, which are thus
minimally redundant.

Regarding tiles as sets of database entries, it
can easily be seen that searching for a tiling with a
given maximum number of tiles and covering as many
database entries as possible is an instance of the bud-
geted set covering problem. This means that the greedy
strategy of iteratively selecting the tile covering as many
as possible yet uncovered database entries is approxi-
mately optimal.

While yielding a much more useful measure of infor-
mativeness and maintaining computational tractability,
this approach still has two main disadvantages:

1. Its focus on exact tiles makes it susceptible to noise.
Indeed, as pointed out in [22], even small amounts
of noise cause large tiles to break up in small pieces.

2. Tiles with individually highly frequent items are
considered equally informative as tiles with indi-
vidually infrequent items, and similarly for trans-
actions. This is despite the fact that tiles over in-
dividually infrequent items and small transactions
are in a sense more surprising. Individual item fre-
quencies and transaction sizes often belong to the
prior knowledge a data miner has about the data,
and finding tiles that mainly contain frequent item-
sets and large transactions, would amount to redis-
covering this. This cannot be the goal.

We will come back to both these issues shortly below.
2.2 Mining noisy frequent itemsets The first

shortcoming of the surface of a tile as informativeness
has been addressed in various papers that attempt to

mine for noisy frequent itemsets, also known as ap-
proximate or fault-tolerant frequent itemsets. While
in its more interesting variations this problem is sig-
nificantly harder than mining noise-free itemsets (or
tiles), significant progress has been made in recent years
(23, 12, 4, 19, 17]. In particular the method from [17]
which allows one to specify the number of tolerated
faults in a relative way, was very efficient in our ex-
periments.

The approaches for mining noisy frequent itemsets
typically consider the support as informativeness mea-
sure. However, conceptually it should be easy to com-
bine these ideas with the ideas from tile mining, consid-
ering the surface of a noisy tile as its measure of infor-
mativeness, and we will do this for comparison in the
experiments in Sec. 5.2. However, the second problem
highlighted in Sec. 2.1 remains.

2.3 Swap randomizations The informativeness of
a pattern has often been formalized as its statistical
significance under a probabilistic model, as quantified
by a p-value. If the probabilistic model substantiates
the prior information a data miner has about the data,
the significance is indeed likely to be a good measure of
the surprise of the data miner when seeing the patterns.
This approach has been used successfully in various
recent contributions [5, 21, 7, 15, 8].

The contributions in [7, 15, 8] are particularly no-
table in the context of this paper. They rely on the idea
of randomizing databases while respecting constraints
that reflect the prior knowledge. An important type of
prior knowledge considered in these papers are on the
value of the item and transaction marginals: the number
of times each item is supported by a transaction, and
the size of each transaction. They show that databases
can be randomized while keeping this information con-
stant by using a chain of elementary randomization op-
erations called swaps.

Using the swap randomization approach, it is pos-
sible to perform hypothesis tests and compute the sta-
tistical significance of any well-defined pattern in a
database. While the details would need to be worked
out, this has the potential to resolve most of the issues
highlighted in Sec. 2.1, so as to come up with a suitable
measure of informativeness for noisy tiles.

However, the swap randomization approach, being
a computation intensive technique, has other disadvan-
tages. In particular, it cannot be used to analytically de-
fine measures of informativeness, which makes it harder
to directly mine for informative noisy tiles.

2.4 KRIMP In this paper, we will propose a new
approach sharing considerable benefits with the swap



randomization approach, while being entirely analyti-
cal. Based on this, we will propose a new measure of
informativenss. Our measure is inspired by information
theoretic ideas and the Minimum Description Length
(MDL) principle. Therefore, we should highlight one
other interesting approach to defining informativeness
measures for itemsets: the method KRIMP [20].

KRIMP searches for itemsets that allow one to
compress the database as much as possible. It does
this by constructing a code-table consisting of the
selected itemsets, and using this code table to encode
the database. The more concise the code table and the
better it allows one to reconstruct the database, the
shorter the overall description length, and the better
the code table is judged to be. Pioneered in KRIMP
for the context of itemset mining, the MDL idea has
since been used successfully for various other tasks, such
as for event detection [13] and for the identification of
relational patterns [11].

However, as opposed to the swap randomization ap-
proach to finding informative itemsets, KRIMP is not
designed to take prior information into account. We be-
lieve this is critical for many applications, in particular
if the patterns found are meant for human consumption
and in some cases also if they are meant for further pro-
cessing. Another disadvantage is algorithmic: searching
for the best code table is a hard problem, and the use
of heuristics is inescapable.

3 The maximum entropy model for binary
databases

As pointed out in Sec. 2.3, incorporating prior knowl-
edge into a probabilistic background model for the data
is a promising approach for the statistical assessment
of patterns found in data, and hence for the formaliza-
tion of meaningful measures of informativeness. In the
case of binary databases, such prior information often
takes the form of constraints on the item and transac-

measure of informativeness for noisy tiles.

3.1 Prior information as constraints on the
probability distribution Let us denote the proba-
bilistic model for the database D € {0,1}™*™ as P.
Then, the constraints on the expected transaction and
item marginals can be written as:

P(D) - (; D(t, z)ﬂ

(31 > = mp;,
De{0,1}mxn

(32) Y P(D)-(ZD(t,z‘))] = np,.
De{0,1}mxn i

Here, mp; is used to denote the required expected
marginal of item i (i.e. p; is the expected proportion
of transactions that contain item i), and np; denotes
the expected marginal of transaction ¢ (i.e. p; is the
expected proportion of items contained in transaction
t).

Besides these constraints, a probability distribution
also needs to be positive and normalized:

(3.3)
(3.4)

P(D) > 0, VD e {0,1}™*",

P(D) = 1.
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For non-trivial cases, these constraints do not
uniquely specify the probability distribution P. So the
question remains which of the feasible solutions should
be chosen.

3.2 The Maximum Entropy distribution In [3] it
was argued that the Maximum Entropy (MaxEnt) dis-
tribution among those satisfying the constraints from
Eqgs. (3.1-3.4) satisfies some desirable properties. Ex-
hibiting the largest amount of uncertainty, it incorpo-
rates no additional biases besides the prior information
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