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sures can be pushed deeply into the mining process to achieve improved efficiency. The
usual solution to this challenge is to estimate the bound of a given pattern measure, PM,
for all the supersets of an itemset, X. However, in most previous studies, the authors es-
timated the bounds for their proposed pattern measures individually and a generic and
unified framework that is applicable to any pattern measure has not been proposed. To
this end, we revisit the problem of bound estimation and propose a general framework for
it by summarizing the commonality among the estimation methods for different pattern

measures. The basic idea is to maximize (or minimize) the measures by assigning any item
labels to the items in the original supporting transactions. To achieve a balance between
bound tightness and computational efficiency, we also propose techniques for addressing
this tradeoff issue in order to improve the overall performance. As a case study, we ap-
plied this framework to two typical pattern measures: utility and occupancy. Additionally,
we describe the application of our proposed techniques to other measures. The results of
our extensive experimental evaluation on real and large synthetic datasets demonstrate
the effectiveness of our proposed techniques.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

The mining of frequent patterns in large databases plays an essential role in many important data mining tasks, such
as association rule-based classification and clustering. To improve the effectiveness and efficiency of mining, constrained
pattern mining [4,11,14,16,21,22,28,30,36,38,41,45,49-51] is attracting increasing research interest, with the focus being on
pushing the properties of the pattern measures deeply into the mining process to achieve better efficiency. To prune the
search space, a usual approach is to estimate the bound on a given pattern measure P M for all supersets of an itemset X. If
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this bound violates the constraint, then all supersets of X should be pruned. Thus, the bound estimation of pattern measures
becomes one of the key tasks for constrained pattern mining.

Previous studies on constrained pattern mining frequently followed the research paradigm, where each new pattern
measure is proposed individually (motivated by real-world applications) with its corresponding bound estimation method.
For example, the measures of pattern utility [27,46], pattern occupancy [39], block pattern measures [18], tiling [19], and
weight confidence [47] are all introduced individually. When researchers address a new pattern measure, they need to invest
effort in designing efficient solutions for bound estimation. Thus, we argue, it is urgent to analyze the commonalities among
these estimation methods and determine whether it is feasible to find a general framework that is applicable to the bound
estimation of any pattern measure. With the increasing interest in constrained pattern mining, this general framework is
extremely necessary to guide the fast development of the new constrained pattern mining algorithms with the new pattern
measures.

To this end, we propose a unified framework to estimate the bound of any pattern measure. Specifically, given an itemset
X and a pattern measure PM, the proposed framework can guide the efficient estimation of the bound of PM for all the
frequent patterns containing X. The key point of this framework is that, to achieve efficient estimation, we consider only the
weights of item occurrences and ignore the item labels in the supporting transactions. Then, the estimation of the pattern
measure bound is equivalent to the process in which we assign the item labels to the item occurrences so that the pattern
measure in the resultant transactions is maximized or minimized.

In this study, we focus on the pattern measures that have two inputs, namely, the supporting transactions of a pattern
and the item weights for all item occurrences. To the best of our knowledge, this general form covers all pattern measures
proposed so far. Here, we consider the constraint with the most commonly used form PM(X)88, where 6 {>, <} and
B € RT. Note that the other forms of constraints are outside the scope of this study. We first consider the case of 6 =
“>" for the constraint P M (X)0p. Thus, we need only to estimate the upper bound of the pattern measures for pruning the
search space. Then, we show that a similar idea can also be applied to estimate the lower bound of the pattern measures
for the constraints with 6 = “<.” The contributions of our work can be summarized as follows.

» We argue that the bound estimation methods used in previous constrained pattern mining methods are rather dispersive
(each new pattern measure is proposed individually with its corresponding bound estimation method) and lack a general
framework that is applicable to the bound estimation of any pattern measure.

We formulate the bound estimation problem without the item labels, and then, we propose a generic framework to effi-
ciently address this problem for any pattern measure. We theoretically prove that the proposed general framework can
give the tightest bound when the item labels in the supporting transactions are ignored. Additionally, we also propose
techniques that achieve the balance between bound tightness and computational efficiency that is needed to improve
the overall performance.

To show the manner in which our proposed framework can guide the development of efficient bound estimation, we
apply the proposed framework to two typical pattern measures, namely, utility [46] and occupancy [39], as a case study.
In addition, we extend the traditional SQL-like pattern measures [10,34], such as min, max, avg, and var, to the corre-
sponding relative pattern measures (see Section 2.3), and we also explain the application of the proposed techniques to
these pattern measures.

We systematically evaluate the extent to which the proposed techniques of bound estimation can improve the overall
efficiency for the task of mining top-k constrained frequent closed patterns. The experiments were conducted on real and
large synthetic datasets under different data characteristics and different problem settings.

The rest of the paper is organized as follows. In Section 2, we first introduce the background of pattern mining, in which
the properties of all the commonly used pattern measures are summarized and the problem of top-k constrained frequent
closed pattern mining is proposed. Then, we give the formal problem formulation of bound estimation of pattern measures
in Section 3 and present its general solution in Section 4. We give two typical examples of pattern measures, i.e., utility and
occupancy, and their bound estimation methods in Sections 5 and 6, respectively. We report our empirical studies to show
the efficiency improvements achieved by the proposed techniques in Section 7. We present related work in Section 8 and
conclude the paper in Section 9.

2. Background of pattern mining

In this section, we first give some notions and notations of pattern mining. Then, we give a summary of the constraints
on the commonly used pattern measures proposed thus far. In addition, we extend the traditional SQL-like pattern measures,
such as min, max, avg, and var to the corresponding relative forms. Finally, we describe the task of top-k constrained frequent
closed pattern mining to educe the key problem of the bound estimation of pattern measures.

2.1. Notions and notations for pattern mining

A transaction database is a set of transactions, where each transaction is a set of items. Let Z be the complete set of
distinct items and 7 be the complete set of transactions. Any non-empty set of items is called an itemset, while any set
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Table 1

Transaction database.
tia Transaction W(t;)
t a[4] b[3] c[5] e[2] 14
t a[5] b[6] c[5] 16
ts a[5] b[3] c[5] e[3] 16
ty a[6] b[6] c[5] 17
ts a[3] b[4] c[5] d[2] e[4] 18
ts a[3] b[5] d[3] e[3] f[4] 18
t7 a[6] b[3] e[3] f[2] g[3] h[3] 20
tg a[5] b[3] e[2] g[3] h[4] i[3] 20

of transactions is called a transaction set. The transactions that contain all the items in an itemset X are the supporting
transactions of X, denoted by 7y, i.e., the supporting transaction database of X. The frequency of an itemset X (denoted by
freq(X)) is the number of transactions in 7y, while the support of X is defined as o (X) = freq(X)/|T|. For a given minimum
support threshold « (0 < o < 1), X is said to be frequent if o(X) > «.

In certain application contexts, such as market-basket analysis, each transaction-item pair is usually associated with a
weight, e.g., sales or profits obtained by selling the items. Thus, a weight function v is used to store the map of weights
to items in the transaction database, which is defined on the cross product of the transaction set and itemset, denoted by
W27 x 2T — RE, where R is the set of non-negative real numbers.

Table 1 shows an example of a transaction database, where there are nine unique items {a, b, ¢, d, e, f, g, h, i} (|| =9)
and eight transactions {ti, ty, t3, t, ts, tg, t7, tg} (|7] = 8). Suppose X = {a, b, ¢}, the supporting transaction database of X
is Tx ={t1, ty, t3, t4, ts}, freq(X) = 5, and o (X) =5/8. X is frequent if « is set to 0.5. Note that the number in the square
brackets followed by any item is the weight of the item occurrence in a transaction. For example, W(t, b) is 3 and W(ty, b)
is 6. The weight of an itemset X in a transaction ¢; is defined as W(tj. X) = Y ;ox W(tj.1). e.g., W(ts, {a, b, c}) = 12. The
weight of a transaction ¢; is defined as W(t;) = Zietj W(tj, 1), e.g., W(ts) = 18.

In this paper, we focus on the pattern measures, the computation of which is determined by the supporting transactions
of a pattern and the item weight for each item occurrence in the supporting transactions. Namely, to compute the value of
a pattern measure PM for an itemset X, we usually need its supporting transaction database 7x and the weight function
W. Thus, the pattern measure can be defined as

PMX, Tx. W) 128 x 2T x 2T x 2T - R{) - RE.

In the following, we give two interesting pattern measures motivated by real-world applications, i.e., utiltiy [46] and
occupancy [39]. These two measures are used in the case study to show the proposed framework of bound estimation of
pattern measures.

Definition 1 (Utility). The utility of an itemset X is defined as
wX. T, W) = Y Wt i)

teTx ieX

The utility of an itemset X is in fact the sum of the weight of X in all its supporting transactions. When the weight of
each item occurrence represents the profit on this item, the utility of an itemset is in fact the total profit made by this
itemset.

Definition 2 (Occupancy). The occupancy of an itemset X is defined as

_ L Ziex W(t, l)
ST = 1 L =5

teTx

The occupancy of an itemset X is the average value on the quotient of the weights of X and its supporting transactions.
In fact, it measures the extent to which X occupies its supporting transactions in terms of item weights. Interested readers
can find the applications that motivate its use in [39].
For the transaction database in Table 1, we can calculate the utility and occupancy of the three itemsets X; = {a, b, ¢},
Xy ={a,b.c,d}. and X3 = {a, b, ¢, d, e}, respectively. Note that X; CXp CX3, Tx, = {t1, 2. t3. 84, ts}. Tx, = {ts}, and Tx, = {t5}.
wXy, T, , W) = 124+ 16 + 13 417 + 12 = 70,
(X, Tx,, W) = 14,
1 (X3, T, W) = 18.
1 s12 16 13 17 12
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C ! constraints

Cs : succinct constraints

C,, : monotone constraints
C,v © anti-monotone constraints

C.y : convertible monotone constraints

Cean © COnvertible anti-monotone constraints

o Cr C, : primitive-based constraints

Cc C; : tough constraints

Fig. 1. Comparison of the classes of itemset constraints.

14

PXo. T, W) = 18 ~ 078
18

X, T W) = 15 = 1.

The above examples easily verify that the value of utility (or occupancy) does not increase or decrease monotonically
when more items are appended to a given pattern.
A pattern measure constraint can be defined as a predicate:

CX, Tx, W) 128 x 27 x (28 x 27 — R{) — {true, false}
More specifically, the constraint can be formulated as
PMX, Tx, WO

where 0 € {>, <} and B € R*. Note that in this study we consider only the constraints in this form.
2.2. Summary of different constraints

There are many different constraints on pattern measures with different properties, such as monotonicity [8,29], succinct-
ness [29], convertible monotonicity [34], loose anti-monotonicity [10], flexible [37,44], and boundable [35]. Fig. 1 summarizes
the relationship of different properties of constraints.

One possible solution for constraints that are neither anti-monotone nor monotone is to convert them into anti-
monotone or monotone ones (if they satisfy convertible monotonicity), or to loosen the constraints (if they satisfy loose
anti-monotonicity), or split them into primitive-based ones (if they are flexible). If a constraint is neither anti-monotone nor
monotone, cannot be converted to anti-monotone or monotone constraint, and cannot be split into primitive-based ones,
we call this constraint a tough constraint.

For example, the constraints on utility and occupancy introduced in Section 2.1 are tough constraints. To prune the search
space for these tough pattern measures (shown in the right grey rectangle in Fig. 1), a usual approach is to estimate the
upper (resp. lower) bound on a given pattern measure PM for all the supersets of an itemset X. If the bound value is
smaller (resp. larger) than the given specified minimal (resp. maximal) threshold, the subtree with the root node X in the
lexicographic tree (see Fig. 2) should be pruned.

Table 2 gives a classification of commonly used constraints. These constraints are adopted from SQL-based con-
straints [10,34| (Nos. 1-15), primitive-based constraints [37] (Nos. 16-20), and other real applications motivated constraints
[18,39,46] (Nos. 21-24).

2.3. Relative definitions of SQL-like pattern measures

Note that in the definition of occupancy (¢ (X, 7Tx, W) = |Tlﬁ ZteTx M), the local occupancy value of X in each of

W(E)
Z"f;‘vi(m;)(“)) may be different. In the database shown in Table 1, suppose X = {a, b, ¢} and the

local occupancy of X in ty is % and that in t3 is %. Then, the final occupancy value is the average of these local values.
In fact, the occupancy is a relative measure that captures the completeness of a pattern, which is better than the absolute
measure maximal length of maximal frequent patterns in the application of print-area recommendation [39]. In fact, SQL-
like pattern measures, such as min, max, sum, avg, median, quartile, and var, are all absolute pattern measures, where the
attribute (or weight) of each item in each of its supporting transactions are all equal.

However, in certain application contexts, such as market-basket analysis, each transaction-item pair is usually associated
with a weight, e.g., sales or profits obtained by selling a number of the item. Since different people may buy a different

its supporting transactions (
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Fig. 2. Set-enumeration tree.

Table 2
Classification of commonly used constraints.

No. Constraints Cam Ca Cs Ceam Cem Cram CrLp
1 freq(X) = v yes no weakly yes no yes yes
2 freq(X) <v no yes weakly no yes no yes
3 count(X) > v no yes weakly no yes no yes
4 count(X) <v yes no weakly yes no yes yes
5 min(X.attr) > v yes no yes yes yes yes yes
6 min(X.attr) <v no yes yes yes yes yes yes
7 max(X.attr) > v no yes yes yes yes yes yes
8 max(X.attr) <v yes no yes yes yes yes yes
9 sum(X*.attr) > v no yes no no yes no yes

10 sum(X*.attr) <v yes no no yes no yes yes

1 avg(X.attr)fv no no no yes yes yes yes

12 median(X.attr)0v no no no yes yes yes yes

13 quartile(X.attr)0v no no no yes yes yes yes

14 var(X.attr)0v no no no no no yes no

15 md (X.attr)0v no no no no no yes no

16 My = e maxX.an) g, no no no no no no yes

17 M, = %}5&‘”91} no no no no no no yes

18 M; = c{ﬂf(&)) >V yes no no yes no yes yes

19 M; = c{;ﬂ((xx)) <v no yes no no yes no yes

20 area(X) = freq(X) x count(X)0v no no no no no no yes

21 BSize(X)0v no no no no no no yes

22 BSum(X*.attr)6v no no no no no no no

23 utility(X*.attr)0v no no no no no no no

24 occupancy(X*.attr)0v no no no no no no no

Note: X is a set of items with positive, zero, or negative numerical attribute values; X* is a set of items with only non-
negative numerical attribute values.

number of the item in one transaction, the weight of an item in each of its supporting transactions may be different. In
other words, for a given itemset X, the SQL-like pattern measures of X in each of its supporting transactions may have
different values. For example, as shown in Table 1, the sum of {a, b, c} in t; and t3 are 12 and 13, respectively. In that case,
users may be interested in the average values of these SQL-like pattern measure values for the supporting transactions.
Thus, we redefine these absolute pattern measures according to their corresponding relative pattern measures. For example,
the relative pattern measure of sum is defined as

sum*(X,ﬁ(,W)zﬁzzw(t,i) (1)

teTx ieX
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Table 3
Relative definitions of commonly used pattern measures.
# Relative measures
1 min* (X, Tx, W) = ‘}7 Yo, Miniex WE, i)
2 max* (X, Tx, W) = \717\ Yrer, MaXiex WL, i)
3 sum* (X, T, W) = pkr Syoy, Siex WL i)
4 avg® (X. Tx, W) = iy Leer 1 Liex WD)
5 median* (X, Tx, W) = ‘717 ey, medianixW(t, i)
6 quartile*(X, Tx, W) = |Tl7\ Y rery quartileix W(t, i)
x iex W (E.D) —avg(X))?
7 var (X”B(’W)=\Tlix\2re‘rxzx$
. iox OV (£ —avg(X))?
8 std (X’E’W):H]T\Zteﬁ Zx‘;i‘mfg
x iex V(L) —avg(X))?
9 vary_ (X, T, W) = piy Lee M\%
N iex IW(E.D)—avg(X)
10 md* (X, Tx. W) = \%T\ Yeen w
1 MT — (min(x);max(x) )* — ‘717‘ Zteﬁ( min.x W(tj);maxkx W(t,i)
v _ X) v+ _ 1 Liex W(LD)
12 My = (G ) = Tl 2tere =7

As compared with the pattern utility used to measure the total profits of a pattern in its supporting transactions, sum* is
used to measure the average profits brought by each user. The relative definitions for these commonly used pattern mea-
sures are summarized in Table 3. Note that the constraints on these relative pattern measures in this table are all tough ones.

2.4. Top-k constrained frequent closed pattern mining

In this study, we consider the following constrained pattern mining task. Its efficiency is strongly dependent on the
performance of the bound estimation of pattern measures.

Top-k Constrained Frequent Closed Pattern Mining. Given a database 7, a minimum support threshold «, and a con-
straint C : PM (X, Tx, W)0 B, the problem of constrained frequent closed pattern mining is to find the complete set of qualified
itemsets that are both frequent closed and satisfy C.

In the above task, two pattern measures, namely, support and PM;,, are used to identify all the qualified itemsets. Some-
times, we also need to rank all these qualified itemsets by another pattern measure, PM>, (usually the combination of
support and PM;) and identify the top-k qualified itemsets in terms of the PM, values. This leads to the problem of top-k
constrained frequent closed pattern mining.

General Solution to Pattern Mining. The search space of the frequent pattern mining problem can be represented as a
set-enumeration tree. Given a set of items T = {iy, i3, ..., in} and a total order of all items (suppose the item order i; < i
< .. < Iy), a set-enumeration tree can be constructed as follows. First, the root of the tree is created; second, the n child
nodes of the root representing nl-itemsets are created, respectively; and third, for any node representing itemset {ip, ..., ie}
(1 < b <e < n), the (n—e) child nodes of the node representing itemsets {ip, ..., fe, ie; 1}, {ip, .--s e Ges2}s v {ips - dey in} are
created. The third step is performed repeatedly until all leaf nodes are created.

Let us use the database in Table 1 as a running example. Suppose freq,;;; = 3. We remove all infrequent items (i.e., {d, f, g,
h, i}) and sort frequent items in lexical order (a < b < ¢ < e). Then, the set-enumeration tree is shown in Fig. 2. The solution
for mining the top-k qualified patterns usually adopts a depth-first search (DFS) with pruning techniques. Algorithm 1 gives
the top-k qualified pattern mining (TKQ-Miner) process with the pruning techniques.

It is clear that the key step in the above pattern mining process is to estimate the upper bound of pattern measures for
all supersets of a given itemset X. In the following sections, we formulate the problem of the upper bound estimation of
pattern measures, and then, propose a general framework for it.

3. Pattern measure bound estimation without item labels

Given an itemset X and a pattern measure PM, the task is to estimate the upper bound of PM for all supersets of X.
For example, for the node {a, b} in Fig. 2, this task is to estimate the upper bound of PM for all nodes in this subtree,
including nodes {a, b}, {a, b, c}, {a, b, e}, and {a, b, c, e}.

A straightforward solution is to compute the pattern measures of all these itemsets and then select the biggest value
as the exact upper bound. However, this approach is extremely computation intensive, since the computation of a pattern
measure needs the supporting transactions of each itemset. Thus, we require that this estimation method be both efficient
and effective. To this end, we consider only the weights of item occurrences in this estimation and ignore the item labels in
the supporting transactions. Without the original item labels, we can assign any item labels to the items in the transaction,
and the upper bound of the pattern measure is achieved when the value of the pattern measure in the resultant transactions
with the new item labels is maximized.
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Algorithm 1: TKQ-Miner (DFS).

input : the current node node,the heap H to maintain the top-k qualified itemsets searched(DFS) thus far.
1 node, < the node with the kthlargest value on PM, in H;
2 if node.support > o« A node.PM; > 8 then

3 if node.quality > node,.quality then

4 L replace node, with node in H;

5 for node. € node.children do

6 | supp<nodec.support;

7 clos <—true if there exist closed patterns in the subtree rooted at node; and vice versa ;
8 uby <-the upper bound on PM; for the subtree rooted at nodec;

9 ub, «the upper bound on PM, for the subtree rooted at nodec;

10 if (supp > ) A (clos == true) A (uby > B) A (uby > nodey.quality) then

11 | TKQ-Miner (nodec, H);

a b c d
[, |transaction [t [Prefix Suffix [N |Prefix [suix Ml [pw  [PL[sw  [si|

t,  al4] b[3] c[5] e[2] t, al41b[3] c[5]e[2] t, BIEB EGIER t, <4,3> 2 <52> 2
t, a[5] b[6] c[5] t, a[5]b[6] c[5] t, Bl Wil t, <56> 2 <5> 1
t,  a[5] b[3] c[5] e[3] t, al5]b[3] c[5]e[3] t; HEIlBE BcIlG) t, <53> 2 <53> 2
t, a[6] b[6] c[5] m) t; al6]b[6] c[5] w t, HicilE i) =) t, <66> 2 <5> 1
ts  a[3]b[4] c[5] d[2] e[4] ts a[31b[4] c[5]d[2] e[4] t, W1l BRIl ts <3,4> 2 <5,2,4> 3
ty  a[3] b[5] d[3] e[3] f[4] to a[3]b[5] d3] e[3] f[4] t, Wil Beimscile ty <3,5> 2 <5,3,4> 3
t; a[6] b[3] e[3] f[2] g[3] h(3] t, al6]b[3] e[3]f[2] g[3] h[3] t, Nz EEElEEE t; <63> 2 <3,2,33> 4
ty  al5] b[3] e[2] g[3] h[4]i[3] tg  al5]1b[3] e[2] gl3] hl4]i[3] t, W lE BileilsiE t, <53> 2 <2,3,43> 4

Fig. 3. (a) Supporting transaction database 7). ( b) Prefix itemsets and suffix itemsets of {a, b} in T, ). (¢) Supporting transaction database 7y, without
item labels. (d) Statistical information obtained from (c).

Before elaborating this method, we first give some notions and notations, based on which we formulate the problem of
pattern measure bound estimation without item labels.

3.1. Notions and notations for bound estimation

Given a set-enumeration tree and an itemset X, the supporting transaction database 7x and the weight function W, we
give the following definitions with respect to X.

In the set-enumeration tree, each itemset X’ in the subtree rooted at X is called an extension of X. It is clear that X’ is a
superset of X. Suppose |X’ — X| = v. We state that X’ is a v-extension of X and v is the extension length of X' as compared to
X.

For example, in the subtree rooted at {a, b} in Fig. 2, {a, b, c} is the 1-extension of {a, b}, {a, b, c, e} is the 2-extension of
{a, b}, and the extension length of {a, b, c, e} as compared to {a, b} is 2.

For any transaction t in 7x (note that each transaction in 7y is ordered according to the enumeration order used in
Fig. 2), the prefix itemset of X in t is the appearance of X in t, while its suffix itemset is the remaining itemset in t, except
X (denoted as t/X). For the supporting transaction database of {a, b} in Fig. 3(a), the prefix and suffix itemset of {a, b} in
t1 is a[4]b[3] and c[5]e[2], respectively. Fig. 3(b) shows all the prefix itemsets and suffix itemsets of {a, b} in its supporting
transactions. If we do not consider the item labels in 75 and consider only the weight of each item occurrence, then we
obtain Fig. 3(c). Next, we define the following notions.

Definition 3 (PW & SW). The prefix itemset weight matrix of X, denoted as PW, is used to record the weight vector of each
prefix itemset in t (t € 7x). The suffix itemset weight matrix of X, denoted by SW, is used to record the weight vector of each
suffix itemset in t (t € Tx).

Note that PW and SW are two matrices. Their first index refers to the transaction number and the second to the index
of an item. As shown in Fig. 3(d), PW[5][2] = 4 and SW|[5][2] = 2.

Definition 4 (PL & SL). The prefix itemset length vector of X, denoted by PL, is used to record the number of items in each
prefix itemset in ¢t (t € 7x). The suffix itemset length vector of X, denoted by SL, is used to record the number of items in
each suffix itemset in t (t € Tx).
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PL and SL are two vectors. Their index refers to the transaction number. As shown in Fig. 3(d), PL[5] = 2 and SL[5] = 3.
It is clear that PL and SL can be directly obtained from PW and SW. Their definitions are given only for convenience of
description.

In the following, we need to frequently sort the values in a vector. For a vector V, V¥ (V1) is the vector sorted in
descenching (ascending) order by values in V. Thus, V¥ (i) is the ith biggest (smallest) value in V. For example, SLY(1) = 4
and SLT(1) =1.

3.2. Problem formulation

Ignoring the item labels of the supporting transactions, we still have statistical information about them, as shown in
Fig. 3(d). With only these statistical data, we formulate the problem of pattern measure bound estimation as follows.

Given an itemset X, the PW, SW of X, and a pattern measure P.M, the problem is to estimate the upper bound of PM for all
supersets of X.

4. General framework
In this section, we present a generic framework to address the problem of bound estimation without item labels.
4.1. Basic idea

Given an itemset X, the PW,SW of X and a pattern measure PM, the basic idea of this bound estimation is briefly
described as follows.

First, let X’ be any v-extension of X and u be the frequency of X'. For X', we propose a function F(u, v, PW, SW), which
satisfies the following conditions.

PMX', Txr, W) < F(u, v, PW, SW) 2)

Next, we can enumerate all possible u, v for the above F function and then obtain the upper bound for any superset of
X. That is, for any superset X' of X, we have

PMX', Ty, W) < HL}%XF(u, v, PW, SW) (3)

The right part of Inequation (3) is in fact the upper bound on PM for all supersets of X.

It is very time-consuming to compute the upper bound max, , F(u, v, PW, SW), since we have to enumerate all the
possible values of u, v for the computation of F(u, v, PW, SW). In the following, we propose some properties to prune this
enumeration space.

4.2. Proposed techniques

4.2.1. Relationship between u and v

For a superset X’ of X, let u be the frequency and v the extension length of X’. Then, for a given value of u we can estimate
the range of v for all the possible supersets of X according to SL. It is easy to prove that this range of v is [v(u), ¥(u)], where
v(u) =0 and D(u) = SLY (u).

As the example shown in Fig. 3(d), SLY = (4, 4, 3, 3, 2, 2, 1, 1). Then, we have

v(1)=4, 92)=4, 93)=3, P4)=3

7(4) = 3 informs us that the extension length of any superset of X with a frequency of 4 cannot be bigger than 3. Otherwise,
if the maximal extension length of X’ is larger than 3, this superset must not exist. For example, when v = 4, there are only
two transactions (t; and tg) that may contain X/, since the length of the suffix itemset of X in t; and tg is not less than v
(i.e., 4). In other words, the frequency of X’ should be no larger than 2 and the frequency of X’ is supposed to be 4; thus, a
contradiction occurs.

Similarly, for a given value of v we can estimate the range of u for all the possible frequent supersets of X according to
SL. It is easy to prove that this range of u is [u(v), i(v)], where u(v) = frequ; and d(v) = max{u|SLY (u) > v.

As the example also shown in Fig. 3(d), we have

1(0)=8, u(1)=8, uR2)=6, 13)=4
i(2) = 6 informs us that the frequency of any superset of X’s with an extension length of 2 cannot be bigger than 6.
Based on the relationship of u and v, the upper bound for any frequent superset of X is

max F (u, v, PW, SW) = max F(u,v, PW, SW) (4)
wy freqmin<us<|Tx|.0=v<(u)
Based on this upper bound, the search space can be greatly pruned. For example, Fig. 4 gives the search space of u, v
for the estimation task in Fig. 3(d). As shown in this figure, we need to check only 18 points (the points with the circles).
Originally, we needed to check 30 points (3 <u <8 and 0 <v <4).
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vV 4 # of all points: 18
# of red points : 4
(4,3) # of yellow points : 4
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Fig. 4. Search space for computing upper bound by enumerating each u,v s.t. 3 <u < 8 and 0 < v < ¥ (u).

4.2.2. Properties of F(u, v, PW,SW) with respect to u

We can also explore the properties of F(u, v, PW,SW) to further prune the search space. For some pattern measures,
the proposed F function monotonically increases or decreases with respect to u (Sections 5 and 6 give concrete examples of
such functions). In the following, we propose properties that can be used to further reduce the search space.

Property 1. When the F function monotonically increases with respect to u, i.e.,

F(u,v,PW,SW) < F(u+1, v, PW, SW), (5)
we have
PMX', Ty, W) < max FE(i(),v, PW,SW) (6)
0<v=<0(freqmin)

for any superset X' of X, where {i(v) = max{u|SLY (u) > v}.

Property 2. When the F function monotonically decreases with respect to u, i.e.,

F(u,v,PW,SW) > F(u+1, v, PW, SW), (7)
we have
PMX' Tx,W) <  max  F(u(v),v,PW,SW)) (8)
0<v<D(freqmin)

for any superset X' of X, where u(v) = freqmin-

Properties 1 and 2 give two kinds of pruning method. If the condition in Property 1 holds, we can check only the points
on the right-most boundary (the four yellow points in Fig. 4). If the condition in Property 2 holds, we can check only the
points on the left-most boundary (the four red points in Fig. 4). Clearly, using Properties 1 or 2 can further reduce the
search space.

It is worth mentioning that the upper bounds proposed in Properties 1 and 2 are the tightest upper bounds for any
frequent superset of X if we use the values of only PW, SW to compute the bounds. Their proofs can be found in Section 5
and Section 6, respectively.

4.2.3. Tradeoff between tightness and efficiency

To alleviate this situation that we still have many points that need to be checked, we propose a new technique that
achieves a balance between the bound tightness and computational efficiency. The basic idea is as follows. Instead of
enumerating every possible value of v in the range of [0, ¥(freqmi,)], we split this large interval into m smaller inter-
vals [vg, v1 — 1], -+, [Vm_1,Vm — 1] (¥g = 0, Vm = D(freq,y) + 1). Then, for each interval [v;_;, v, — 1] we can obtain a loose
bound on PM, namely, F(u, vy_q, v, — 1, PW, SW). Finally, we unify the m (much smaller than #(freqy,;,)) bounds and ob-
tain a final result. Using a proper value of m, we achieve the tradeoff between the efficiency and tightness of the bound
with the following property.

Property 3. Let X' be any frequent superset of X. For any integers
0=vp <Vi <-- <Un=D(freqgmn) + 1,
we have

PMX', T, W) < max Fu, 1. — 1, PW, SW) 9)
u,U< m
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Table 4
Notations used in this paper.
X Root pattern for a subtree
X' Any frequent pattern in the subtree of X
Tx Supporting transactions of X
freqmin Minimal frequency threshold ( [« - |71 )
PI Prefix itemset of X in t
SI Suffix itemset of X in t
PL Prefix itemset length vector of X, PL(i) = |Pl;|
SL Suffix itemset length vector of X, SL(i) = |Sl;|
PW Prefix itemset weight matrix of X
Sw Suffix itemset weight matrix of X
u u frequently denotes |7x|, i.e., the frequency of X’
v v frequently denotes |X’| — |X|, i.e., the extension length of X' w.r.t. X
u() Minimal u when v is fixed, u(v) = frequin
u(v) Maximal u when v is fixed, (v) = max{u|SL" (u) > v}
v(u) Minimal v when u is fixed, v(u) =0
v(u) Maximal v when u is fixed, 7(u) = SLV (u)
v Vector V sorted in ascending/descending order

Note that m in Inequation (9) controls the tightness of the upper bound. For example, the bound becomes “tightest”
when m is set to 1 and loosest when m is set to +oo. It is worth mentioning that the tightest upper bound has a good
pruning effect in the search process, but its computational complexity is high (it needs D(freq,;;;) + 1 times computation
of F )- In contrast, the loosest upper bound has a worse pruning effect, but its computational complexity is low (it needs
only one computation of F). The overall running time is proportional to the pruning effect, while inversely proportional
to the cost of the computation of the upper bounds. As shown in Fig. 4, instead of enumerating every possible value of v in
the range of [0, 3], we split it into two intervals, i.e., [; =[0,1] and I, = (1, 3]. Although the search space is reduced to 2,
the upper bound is loose.

Note that the techniques in Sections 4.2.1, 4.2.2, and 4.2.3 can be jointly used to prune the search space. In fact, the
techniques proposed in Sections 4.2.1 and 4.2.3 are independent of any pattern measure. However, the technique proposed
in Section 4.2.2 depends on F (u, v, PW, SW) for different pattern measures. The notations used in this paper are summarized
in Table 4. In the following, we show the manner in which these techniques can be applied to any pattern measure.

4.3. Summary of upper bounds for pattern measures

Table 5 gives a summary of the upper bounds for commonly used pattern measures obtained by using the above pro-
posed techniques under a unified framework. Note that freq(X) and count(X) are two basic measures. The upper bounds for
freq(X) and count(X) are |7x| and |X| + V(freqm,). respectively. The proposed upper bounds for pattern measures Nos. 3 to
19 in Table 5 can be the “tightest” ones if we do not consider the item labels in the supporting transactions. We can see that
the upper bounds on pattern measures Nos. 3 to 15 adopt the techniques in Section 4.2.1 and Property 2 in Section 4.2.2, in
which the pattern measure occupancy is a typical one. However, the upper bounds on pattern measures Nos. 16 to 20 adopt
the techniques in Section 4.2.1 and Property 1 in Section 4.2.2, in which the pattern measure utility is a representative one
(note that the pattern measure No. 17 (No. 18) is the special case of the pattern measure No. 19 (No. 20) when the weights
of PW and SW are all set to 1). Furthermore, we can apply the tradeoff techniques proposed in Section 4.2.3 to these pattern
measures to further improve the efficiency.

As a case study, for two typical tough pattern measures, utility and occupancy, we show how the function F(u, v, PW, SW)
and their corresponding upper bounds are developed in Section 5 and Section 6, respectively.

5. Utility

In this section, we develop the F function for the pattern measure of utility. We can also theoretically prove that the
proposed utility upper bound is the tightest one if we do not consider the item labels in the supporting transactions.

5.1. Basic idea

We are given a pattern measure PM, the data of PW, SW. For an itemset X' with frequency u and extension length v,
we aim to propose a function F s.t. PM (X', Ty, W) < F(u, v, PW, SW). The basic idea is as follows. Since we do not know
the item labels in the supporting transactions, we are free to assign any labels to them so that the value of the pattern
measure for the data of PW, SW is maximized. In other words, from the entries in the matrix SW, we attempt to identify u
rows such that each row contains at least v entries and the value of the pattern measure on these u x v entries reaches its
maximum.
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Table 5
Summary of upper bounds for commonly used pattern measures.
No.  Pattern measures Upper bounds
1 freq(X) [7x]
2 count(X)c |X| +D(freqmin)
3 min*(X) . vrﬁr?r)éq ){Fl(g(v),v, PW,SW) =, max X sy u(v) Z ) min(X USW[L]V[1]... USW[L] [v])}
== min 15l by =
4 max*(X) Mgm)m@mewprZWﬁwﬂmzmmnawmumpummwm}
<U=V(freqnin Lalugny
5 sum() oI (B@@LVPW.SW) = max o S WG+ S WD)
== min b2y =
! kil
6 avg* (X ma E (u(v). v, PW,SW) = ma ww) Lo WIS WL
g () Ogvgi(fr)éqmm){ @) ) [ ,,‘,,EL[I = ity Lit XI+v }
7 median*(X) Mg%)m@wmwwww=” WQHHMZWWMW“UWMVWWMM“WW
=V=i min 10250 lyy i1z
8 quartile*(X) oo %(l%q ){Fs(g(v),v, PW, SW) =, , ma EL“] ) u(v) YUY quartile(X U SW[LIV[1]... U SWLIH[v])}
=V=i min 1al2s um =
9 var*(X) Osvsrﬁr}?r)e(qmm){l:; (u(v),v,PW,SW) = 11.12....%?,51.[ . u“,) Z“("’ max’_, var(X UE(j, v)*}
B _ u() P
10 std(X) b X (R@O)VPW.SW) = | max s S max) std (X UEGv)°)
1 vary,_; (X) Osvgr%}far)éqm,,,){l:g (u(v),v,PW,SW) = v ...n,},,EL[l - uw) Z“(”) max’_, vary_1 (X UE(j, v)*}
12 d*(X Fio(u(v), v, PW, SW) = U0 max?_ md(X UE(], v)*
a0 stsr?{z?r)éqmm){ 0@ ) 1|A12“,,ﬂiﬂ[z,]>u “(V) i Mmax;_, m ( G.v)
13 M = min(X)+max(X) ys F V). v, PW, SW) = u(v) min(XUSW([L]¥[1])+max(XuSW[L]*[1]
= <o iy o U L) )= w Y 2 )
PLIL]
v _ ¢ sumX) y« _ 1 uw) Tie PWIHLH S SWI L]
4 M= (Gme) ooy X (Fo@®.v.PW.SW) = max e T S i }
PLL
15 occupancy(X F3(u(v), v, PW, SW) = u(v) Tyt PWII+E WL L]
upancy(X) stsl;l;}}a_éqmm){ 13(u(v) ) . rlun(l,EL[l v u(l/) Z, 1 ZPl[t Tl ][]stm TSl
16 M; = LreaX) max  {F4(@), v, PW,SW) = max i)
37 ot Osvgﬁ(freqmm){ 14 () ) .l ol ELL 120 Kivs)
17 area = freq(X) x count(X) max  {Fs(U(v), v, PW,SW) = max Z”(")(|X\ +v)}
0=v=v(freqpin) L. lgu) EL[i]=v
18 BSize(X) max  {Fs(@v),v.PW,SW) = max Y (IX| +v))
0=<v=v(freqmn) L.l g EL[ =0
1o BSum(X) oes S, (O @OLVPW.SW) = | mag | S (IS PWIRILL + 5. SWIAI D)
=V= min -0 la) ELLG =
20 udiyX) oo B, (o @O0 PW.SW) = may I (T PWIRILI + 5. SWIALID)

Note that E(j, v)* is a v-length set consisting of the top j biggest values and top (v — j) smallest values from SW[;].

Table 6

Steps for computing F(3, 2, PW, SW) on utility.
tig PW SW Step (1) Step (2) Step (3)
t (4,3) (5,2) v 14
t (5.6) (5)
t (5.3) (5.3) v 16 v
t (6,6) (5)
ts (3,4) (5,2,4) v 16 v
ts (3,5) (3,3,4) v 15 v
ty (6,3) (3,2,33) v 15
ts (5,3) (2,3,4,3) v 15

We give the following example to show how this upper bound is developed for the measure of utility. Given the data of
PW, SW in Table 6, we aim to find the utility upper bound of any itemset X' with frequency 3 (i.e., u = 3) and extension
length 2 (i.e., v = 2). The procedure is presented as follows.

(1) Identify the transactions that have a suffix itemset containing at least two items. If the length of the suffix itemset
in a transaction is less than 2, this transaction cannot contain X’. Thus, six transactions, ti, ts, ts, tg, t7, and tg, are
selected, while transactions t, and t, are filtered out.

(2) In order to obtain the maximal value for the utility for each selected transaction, we can select the top two biggest
weights from the suffix itemset. For example, for the transaction ts, the entries of 5 and 4 (in bold) are selected. Thus,
the maximal utility value in this transaction is (3 +4) + (5 +4). We conduct this process for each selected transaction
from Step 1 and obtain its possibly maximal utility value, as shown in the 5th column of Table 6.
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(3) Finally, from the six transactions we need to identify the three that have the top three biggest utility values.
Then, the transactions t3, ts, and tg are selected. By summing up these three values, we get this upper bound, i.e.,
F(3,2,PW,SW) = 16 + 16 + 15 = 47.
5.2. F(u,v, PW, SW) for utility

By translating the above procedure into mathematical language, we obtain the F function for the utility upper bound.

Property 4. Let X' be any v-extension of X with frequency u (|7x/| = u). Then, the utility of X’ satisfies that

wX', Tx, W) < F(u, v, PW, SW) (10)
where
u /PLIL]
F(u,v,PW,SW) = max > (Z PW[l][]]—i-ZSW[l]H]]) (11)
fl]>v' 1 j=1
Proof. Let us consider the utility of X/,
WX T, W) = 3 Y Wt ) (12)
STy ieX!
=Y (Dowe.d+ ) W(t,i)) (13)
tcTy \ieX ieX’/X
PL[L]
=y (Z PWILLj] + st[ltm) (14)
(ST
u [PLL]
= max (Z PWI[L][j] + st[l ]i[]]) (15)
SLlijey =1\ j=1

Note that I; is the corresponding index of t in PW and SW. Since X’ is a v-extension of X (|X' — X| = |X’/X| = v) for any
te Ty e W) < 211;1 SWILIVi] < Yictyx) W(t. 1), Inequality (14) follows. Since X<X’, by the anti-monotonicity
of frequent pattern, 7y, € Tx, and for any supporting transaction t of X', the length of the suffix itemset of X in ¢t should be
no less than v, i.e., SL[I¢] > v. Thus, Inequality (15) follows. O

We can also prove that this F function monotonically increases with respect to u, as shown in the following property.
Property 5. If F is the function defined in Eq. (11), then we have F(u + 1, v, PW, SW) > F(u, v, PW, SW).
Proof. LetM; = max; (X5 PWILILi] + Uy SWILILD).

F(u+1,v,PW,SW) — F(u, v, PW, SW) (16)

u+1

= ZM,- - ZMi (17)
i=1 i=1

u u
=Y Mi+Myq - ) M (18)
i-1 i-1

>0 (19)
Inequality (19) follows since M, ;1 >0. O
With Properties 4 and 5, we easily obtain the utility upper bound for all the supersets of X, denoted by Uil X),
Util(X) =  max F(d(v), v, PW, SW) (20)

0<v<0(freqmin)

The following example shows the manner in which this upper bound is computed for the data in Table 6. Suppose
freqmin = 3. Then, D(freqy,) = 3. We can also obtain i(0) = 8, ii(1) = 8, @(2) = 6, and @I(3) = 4. According to Eq. (20), the
utility upper bound for all the frequent supersets of {a, b} is

Util({a, b}) = max F(d(v). v. PW. SW)
<v=
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According to Eq. (11), we can obtain

F(8,0,PW,SW) =7+ 11+8+12+7+8+9+8=70
F(8,1,PW,SW) =12+ 16+ 13+ 17+ 12+ 12+ 12 + 12 = 106
F(6,2,PW,SW) = 14 + 16 + 16 + 15 + 15 + 15 = 91
F(4,3,PW,SW) =18+ 18 + 18 + 18 = 72

Thus, ﬁ({a, b}) = max {70, 106, 91, 72} = 106. This means that the utility of all the frequent supersets of {a, b}, including {a,
b}, {a, b, c}, and {a, b, e}, is less than 106. -

In addition, we can theoretically prove that Util(X) is the tightest upper bound if the values of only PW and SW of X
are used in the computation. Namely, we have the following property.

Property 6. Given an itemset X and the PW, SW of X, LTt\il(X) is the tightest utility upper bound for any superset of X.

Proof. We prove this by contradiction. Suppose that there exists another upper bound F st F(u,v,PW,SW) <
F(u,v, PW, SW) for any given parameters of u, v, PW, SW. Then, we can construct a transaction database 7, in which there
exists any itemset X’ in the subtree rooted at X s.t. |Ty/| = u and u(X’) = F(u, v, PW, SW). If we apply the upper bound Fto
the data of 7x, we have that the utility of any itemset X’ is no bigger than F(u, v, PW, SW). However, we have an itemset X’
in this subtree s.t. u(X’) = F(u, v, PW, SW) and F(u, v, PW,SW) < F(u, v, PW, SW), and thus, the contradiction occurs. The
procedure in Table 6 in fact generates the supporting transactions, on which the pattern measure is exactly equal to this
upper bound. Therefore, UtlI(X) is the tightest one. O

5.3. Mining top-k high utility and frequent closed itemsets

In this section, we show the problem of mining top-k constrained frequent closed pattern mining shown in Section 2.4,
where PM; is the utility and PM, is the weighted sum of relative utility and support, defined as follows.

Given a transaction database 7 and weight function W, the utility constraint of an itemset X is defined as u(X) > g - W,
where 0 < 8 < 1 and W is the sum of the weights of all the transaction-item pairs in the database. An itemset X is called
a high utility itemset if it satisfies the utility constraint.

Definition 5 (U-Quality). The u-quality of an itemset X is defined as g*(X) =0 (X) + A - 2X) \where W = dtericz WL D),

o(.) denotes the support of X, % is the ratio of X’s utility to the total utility of transactions, and the weight A (0 < A <
+o00) is a user-defined parameter to capture the relative importance of support and relative utility.

In this task, the most challenging part is to compute the upper bounds on utility and u-quality. Since the upper bound
on utility is given in Eq. (20), here, we give only the upper bound on u-quality by the following property.

Property 7 (U-Quality Upper Bound). Let X’ be any superset of X,

CSERLRTREL e

Proof. Note that g4 (X') = o (X') + A - "(X, . since 0 (X') <o (X) = and “‘%/) U“'(X) : thus, the conclusion holds. O

?X
6. Occupancy

In this section, we develop the F function for the pattern measure of occupancy.
6.1. F(u,v, PW, SW) for occupancy

The basic idea for computing F(u, v, PW, SW) is similar to that described in Section 5.1, and we also give an example to
show how this upper bound is developed for the measure of occupancy. Given the data PW, SW in Table 7, we aim to find
the occupancy upper bound of any itemset X' with frequency 3 (u = 3) and extension length 3 (v = 3). The procedure is as
follows.

(1) Identify the transactions having a suffix itemset that contains at least three items. Thus, four transactions, ts, tg, t7,
and tg are selected, while transactions ty, ty, t3, and t4 are filtered out.

(2) In order to obtain the maximal value for the occupancy for each selected transaction, we can select the top three
biggest weights from the suffix itemset. For example, for transaction tg the entries of 4, 3 and 3 (in bold) are selected.
Thus, the maximal occupancy value in this transaction is [(5+ 3) + (4 + 3 + 3)]/20. We conduct this process for each
selected transaction from Step 1.

(3) Finally, from the four transactions we need to identify the three with the top three biggest occupancy values. Then, the
transactions ts, tg, and t; are selected. By averaging these three values, we get this upper bound, i.e., F(3, 3, PW, SW)
= (16/16 + 16/16 + 18/20)/3 ~ 0.97.
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Table 7

Steps for F(3,3, PW, SW) on occupancy.
tia PW SW Step (1) Step (2) Step (3)
t (4,3) (52)
t (5,6) (5)
t3 (5,3) (5,3)
ty (6,6) (5)
ts (3,4) (524) v 16/16 v
ts (3,5) (3,3,4) v 16/16 v
t; (6,3) (3,2,3,3) v 18/20 v
tg (53) (2,3,43) v 18/20

We propose the F function for the occupancy upper bound with the following properties. Interested readers can refer to
[39] for their proofs.

Property 8. Let X' be any v-extension of X with frequency u (i.e., |7x/| =u and |X’ — X| = v). Then, the occupancy of X’
satisfies that

X', Tx. W) < F(u, v, PW, SW) o)
where

F(u,v.PW.SW) = 1 . max Z“: ST PWILL] + )y SWILIY]
‘o i Pwik) + 5 swikll)

(23)

Ay, “
sL{]=v =1

We can also prove that this F function monotonically decreases with respect to u, as shown in the following property.
Property 9. When F is the function defined in Eq. (23), we have F(u+ 1,v, PW, SW) < F(u, v, PW, SW)

With Properties 8 and 9, we can also easily obtain the occupancy upper bound for all the supersets of X, denoted as
Occu(X),

O/caz(X) = max F(freqmin. V. PW, SW) (24)
0=<v=D(freqmin)
The following example shows how this upper bound is computed for the data in Table 6. Suppose frequ, = 3; then,
D(freqmin) = 3. According to Eq. (24), the occupancy upper bound for all frequent supersets of {a, b} is

O/cat({a, b}) = max E(3, v, PW, SW)

According to Eq. (23), we can obtain

F(3,0,PW, SW) = 1/3- (7/14 + 11/16 + 12/17) ~ 0.63

F(3.1,PW,SW) = 1/3 - (12/14 + 16/16 + 17/17) ~ 0.95
F(3,2,PW,SW) = 1/3- (14/14 + 16/16 + 16/18) ~ 0.96
F(3.3,PW, SW) = 1/3 - (18/18 + 18/18 + 18/20) ~ 0.97

Thus, O({a, b}) = max {0.63,0.95,0.96, 0.97} = 0.97. This means that the occupancy of all the frequent supersets of {a, b},
including {a, b}, {a, b, c}, and {aq, b, e}, is less than 0.97.

In addition, we can theoretically prove that O/CEJ(X) is the tightest upper bound if the values of only PW and SW of X
are used in the computation. Namely, we have the following property.

Property 10. Given an itemset X and the PW, SW of X, O/CEJ(X ) is the tightest upper bound on occupancy for any superset
of X.

6.2. Mining top-k high occupancy and frequent closed itemsets

In this section, we show an instance of the top-k constrained closed frequent pattern mining shown in Section 2.4, where
PM, is the occupancy and PM, is the weighted sum of occupancy and support.

Given a transaction database 7 and a weight function W, the occupancy constraint of an itemset X is defined as ¢(X) >
B, where 0 < B8 < 1. An itemset X is called a high occupancy itemset if it satisfies the occupancy constraint.

Definition 6 (O-Quality). The o-quality of an itemset X is defined as q°(X) = o (X) + A - ¢(X), where o(.) denotes the relative
support of X and the weight A (0 < A < +00) is a user-defined parameter to capture the relative importance of occupancy
and support.
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Table 8

Characteristics of datasets.
Datasets No. of trans  No. of items ~ Avelen = MaxLen  Type
Chess 3196 75 37 37 Large and dense
Mushroom 8124 119 23 23 Dense
T1014D100K 100,000 870 10.1 29 Sparse

In this task, the most challenging part is to compute the upper bounds on occupancy and o-quality. Since the upper
bound on occupancy is given in Eq. (24), here, we give only the upper bound on o-quality by the following property.

Property 11 (O-Quality Upper Bound). Let X’ be any superset of X,

PX) < % + - Occu(X) (25)

7. Experimental evaluation

To evaluate the effectiveness of the proposed pruning techniques, we compared the performance of the proposed top-k
qualified pattern mining algorithms using the proposed pruning techniques to the baselines. Note that we report only the
experimental results for mining top-k high utility and frequent closed itemsets, and that the algorithm for mining top-k
high occupancy and frequent closed itemsets achieves similar efficiency results by using the proposed techniques.

7.1. Experimental setup

In this paper, we give the proposed algorithm TKQ-Miner for mining top-k high utility and frequent closed itemsets with
the proposed pruning techniques and compare its running time with that of the baseline methods for our problem. The
following three baselines are used in this paper.

Baseline-Naive: This baseline method first finds all frequent closed patterns and computes the utility and quality for
each of them, and then, outputs the top-k qualified ones. We adopt an efficient pattern-growth-based algorithm BIDE [42]
to find all the frequent closed patterns; other efficient algorithms such as CLOSET+ [43] and CHARM [48] can also be used.
To make the comparison fair, TKQ-Miner is also based on the adopted baseline algorithm. A comparison of this baseline and
TKQ-Miner is shown in Section 7.2.

Baseline-Loose: This baseline method uses the utility upper bound technique used in [18,27]. This pruning technique
is efficient for computation, but loose for pruning space. In fact, it is a special case of the proposed framework, namely,
the tradeoff technique proposed in Section 4.2.3 with m = 1. A comparison of this baseline and TKQ-Miner is shown in
Section 7.3.

Baseline-Relax: This baseline method uses the upper bound technique of minimal area constraint presented in [37], in
which the automatic relaxation technique is used to further prune the search space. In fact, minimal area constraint is a
special case of high utility constraint, if the weights of items in the database are all set to 1 (binary database). In other
words, our proposed techniques are sufficiently general to be directly applied in [37], but [37]'s techniques cannot be used
in our problem since utility is not a primitive-based constraint. A comparison of this baseline and TKQ-Miner is shown in
Section 7.4.

The four algorithms were implemented in C++ language and the experiments were performed using Microsoft Windows
7 on a laptop with and a quad core Intel i5-540M processor and 4GB of main memory.

Three databases! were used in our experiments with different characteristics: two real datasets and one synthetic
dataset. The first real dataset is Chess, which is large and dense. The second dataset is Mushroom, which is dense. The
final dataset is the generated dataset T10I4D100K, which is sparse. Note that these datasets do not include the item weights
for each transaction. In order to obtain the corresponding weighted transactional databases, we use a similar method from a
previous study [27,40] and generate the weights for items randomly ranging from 1 to 100. The characteristics of the three
datasets are summarized in Table 8.

7.2. Evaluation on weighted datasets

In this subsection, we compare the performance of Baseline-Naive and TKQ-Miner. There are four parameters in our
problem of mining high utility and frequent closed itemsets: the support threshold «, the relative utility threshold g, the
utility weight parameter A, and the number of top qualified itemsets k. We varied only the minimal frequency threshold « to
observe the changes in efficiency, while the other parameters were fixed. According to the different degree of data density,
the default parameters (8, A, k) for Chess/Mushroom/T1014D100K are (0.4,10,5), (0.1,10,5), and (0.001,10,5), respectively.

1 The three datasets can be downloaded from the FIMI Repository: http://fimi.ua.ac.be/ .
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The number of searched nodes and running time of Baseline-Naive and TKQ-Miner on the three databases are shown
in Figs. 5-7, respectively. We can observe that the tendency of these figures is very consistent, that is, the greater the
number of searched nodes, the longer the running time. We can also observe that our method outperforms the baseline
method, in particular, when the value of « is low. For example, TKQ-Miner runs only over 60 times faster than Baseline-
Naive on the larger dense dataset Chess with the minimal support threshold « value of 0.55, while it searches only 0.22%
of nodes searched by Baseline-Naive. This difference becomes larger when the value of « is less than 0.55. Depending on
the different characteristics of the datasets, the pruning effect can be different. Specifically, the effect on the performance
gain decreases when the dataset becomes sparser. For example, for the sparse dataset T10I4D100K with the minimal support
threshold « value of 0.0005, although the number of nodes searched by TKQ-Miner is much smaller than that searched by
Baseline-Naive (TKQ-Miner searches only 0.67% of the nodes searched by Baseline-Naive), their running times are almost
the same (TKQ-Miner runs only 1.7 times faster than Baseline-Naive). The main reason is that BIDE is very efficient in a
sparse database [42] and the running time for the extra searched nodes in the baseline just compensates for the utility
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upper bound computation for searched nodes in TKQ-Miner. Briefly, our method can be effective, in particular, for dense
datasets.

7.3. Evaluation on tradeoff technique

In this subsection, we compare the performance of Baseline-Loose (when interval length=+inf in Fig. 8) and TKQ-
Miner (when interval length=1 in Fig. 8). In Section 4.2.3, we proposed a technique that achieves a tradeoff between
bound tightness and computational efficiency. Specifically, instead of enumerating each possible value of v in the range
of [0, SLY (freqy,n)] as F does, we suggest splitting the large interval into smaller intervals [vg, v; — 1], ..., [Vm_1. Vm — 1],
(Vo = 0. = SLY (freqmg) +1).

Fig. 8 shows the effect of this technique on the database T10[4D100K with o = 0.009, = 0.003, A = 10, and k = 1. The
x-axis shows the “interval length,” i.e., v; — v;_; (we divide the interval evenly) and the y-axis shows the number of nodes
searched and the running time in the two figures, respectively. As can be seen, the smaller the interval length, the tighter
the bound and the fewer the nodes searched. However, the shortest running time does not occur when the bound is tightest
(134 nodes searched when interval length = 1), since the computation is too high. Furthermore, the shortest running time
does not occur while using the most efficient method used in [18,27] (174 nodes searched when interval length=+inf), since
the number of the searched nodes is large. In fact, the overall performance is the tradeoff between bound tightness and
computational efficiency. In this case, the algorithm is fastest when the interval length is 7.

7.4. Evaluation on binary datasets

In this subsection, we compare the performance of Baseline-Relax and TKQ-Miner on binary datasets (i.e., the weights of
items in database are all set to 1). Baseline-Relax uses the upper bound technique of minimal area constraint in [37], that
is, if the frequency of the pattern (node) multiplied by the maximal transaction length in the database is smaller than a
minimal threshold, then this node should be pruned. In addition, both TKQ-Miner and Baseline-Relax adopt the automatic
relaxation technique in [37] to improve the minimal support threshold « to further prune the search space. Here, we varied
only the minimal relative utility threshold 8 to observe the changes in efficiency, while the other parameters were fixed.
The default parameters («, A, k) for each dataset were (0.00001,10,5).

Figs. 9-11 show the number of searched nodes and running time of Baseline-Relax and TKQ-Miner for the three
databases, respectively. We can observe that our method outperforms Baseline-Relax, in particular, when g is low. For
example, TKQ-Miner runs over 200 times faster than Baseline-Relax on the very dense dataset Chess when the minimal
relative utility threshold S is less than 0.5, while it searches only 0.05% of the nodes searched by Baseline-Relax. Simi-
larly to the results in Section 7.2, when the data becomes sparser, the difference in running time between TKQ-Miner and
Baseline-Relax becomes smaller. For example, for the sparse dataset T10[4D100K, although TKQ-Miner searches only 4.3% of
the nodes searched by Baseline-Relax, it runs only 1.2 times faster than Baseline-Relax when the minimal relative utility
threshold B is less than 0.0005.

7.5. Discussion

The results of the above experiments show that TKQ-Miner using the proposed techniques outperforms other state-of-
the-art techniques, in particular on very dense and large databases. The proposed techniques can give the “tightest” upper
bound with certain input constraints. Although the proposed tradeoff technique between bound tightness and computational
efficiency can be used to improve the overall performance, the computation of the bound is still high, in particular when
the minimal support threshold is set to a low value. However, in the task of “Top-k Constrained Frequent Closed Pattern
Mining,” the proposed techniques of bound estimation can be used to prune the search space to a great extent. In other
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words, the overall time for computing the bound in this task is much smaller than that for searching the pruned nodes, and
thus, the effectiveness of mining is increased.

In summary, the proposed techniques can be applied not only to pattern utility [46] and pattern occupancy [39], and
other tough pattern measures, such as block-sum and block-similarity [18], but also to certain primitive-based constraints,
such as minimal area constraint [37], block-size constraint [18], or tilling constraint [19]. Thus, the proposed techniques
are sufficiently general and can be applied for the fast development of the new constrained pattern mining algorithms, in
particular with the new tough pattern measures.

8. Related work
Mining frequent itemsets [2] is widely recognized to be fundamental for many important data mining tasks. There has

been a great amount of work on designing efficient algorithms for mining frequent itemsets [1,3,24,26,31,48], and [23]
presents a recent survey of this field. The frequent itemsets mining algorithms usually generate a huge number of frequent
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itemsets, while the support is set to a low level. To address this problem, two general classes of methods were proposed. The
first class is mining closed or maximal itemsets. For example, CHARM [48], CFP-tree [26], CLOSET+ [43], and Moment [17]
are typical algorithms for mining closed itemsets, while MaxMiner [5], MAFIA [13], and GenMax [20] are typical algorithms
for mining maximal itemsets.

The second class focuses on mining constrained frequent itemsets by incorporating various constraints with different
properties, such as monotonicity [6,8,29], succinctness [25,29], convertible monotonicity [32-34], and loose anti-monotonicity
[10]. Recently, complex constraints constructed from primitives have also been proposed [15,37,44]. In these works, the
primitives are required to be monotonic or anti-monotonic or convex. Specifically, anti-monotone constraints can easily be
pushed deeply into the frequent itemsets enumeration, since if they are not satisfiable with small itemsets, there is no
hope that they will become satisfiable later with larger itemsets [6,29]. However, it is not easy for monotone constraints to
be pushed in the computation and they proved to be less effective in pruning the search space [7,12]. However, using data
reduction techniques, such as ExAnte [9] and ExAMiner [8], anti-monotone and monotone pruning strengthen each other
recursively. A succinctness constraint can be satisfied at candidate generation time and is pre-counting pushable. Constraints
that are both anti-monotone and succinct can be pushed completely in frequent itemsets enumeration before it starts
[29]. One possible solution for certain constraints that are neither anti-monotone nor monotone is to convert them into
anti-monotone or monotone ones [34], or to loosen the constraints [10], or split them into primitive-based ones [15,37,44].
If a constraint is neither anti-monotone nor monotone, cannot be converted to anti-monotone or monotone constraint, and
cannot be split into primitive-based ones, we call it a tough constraint.

Unlike the above constraints, the general form of pattern measure constraints introduced in this paper, such as utility
constraints [27,46] and occupancy constraints [39], are tough constraints, which makes the problem of efficient bound esti-
mation of pattern measures more challenging. In previous studies, the authors usually proposed individual bound estimation
methods for these constraints. In [18], Gade et al. also proposed a tough constraint named a block constraint and introduced
a class of pruning methods with the help of the upper bounds. In [27], Liu et al. proposed the upper bound for the constraint
on utility. In [39], Tang et al. proposed the upper bound for the constraint on occupancy without item weights. This study
in fact unified these individual studies into a general framework. It revealed the basic idea of developing efficient bound
estimation methods for all these kinds of pattern measure, presented the properties for reducing the computing complexity
in this estimation, and addressed the tradeoff between the bound tightness and computing efficiency.

9. Conclusions

In this paper, we proposed a generic and unified framework for efficient and effective bound estimation of pattern mea-
sures. This framework demonstrates the basic idea for developing a bound estimation method for any pattern measure. We
also presented the properties for reducing the computing complexity in this estimation, and discussed the tradeoff between
the bound tightness and computational efficiency. We applied this framework to two typical pattern measures, i.e., utility
and occupancy, to show its effectiveness. Additionally, we extended the traditional SQL-like pattern measures, such as min,
max, avg, and var to their corresponding relative pattern measures, and we also explained the application of our proposed
techniques to these pattern measures. Our extensive experimental results on real and large synthetic datasets demonstrate
the improvements in efficiency provided by the proposed techniques. We hope these encouraging results will lead to many
future studies.
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